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A b s t r a c t . The main aim of the research presented in this dissertation is to develop a novel 
imaging mass spectrometry technique that uses molecular desorption induced by heavy ions 
accelerated to kinetic energies in the MeV/u regime. Upon impact with a sample, heavy ions 
accelerated above the Bohr velocity deposit their energy predominantly through electronic 
stopping and this has been shown to produce high sputtering yields from an insulating sam­
ple’s surface. This interaction has been traditionally called electronic sputtering and was 
first put to analytical use many decades ago by a technique called Plasma Desorption Mass 
Spectrometry (PDMS). Despite its inability to provide spatially resolved measurements, 
PDMS became a popular way to analyse biomolecular samples until other techniques, such 
as matrix-assisted laser desorption/ ionisation (MALDI), became readily available. There are 
many ion beam analysis (IBA) facilities currently operating throughout the world dedicated 
to accelerating and focusing ion beams with the required kinetic energy to induce electronic 
sputtering, but until this work there has not been any attempt to develop a time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) technique that makes use of a scanning proton 
microprobe facility. This research, therefore, has been performed at the Surrey Ion Beam 
Centre to explore the benefits of exploiting electronic sputtering in imaging mass spectrom­
etry studies using existing IBA technology and techniques. Due to its initial success, this 
novel imaging mass spectrometry technique has recently been recognised as "MeV-SIMS” by 
the international scientific community. As will be presented in the final chapter, because 
MeV primary ions can be focused through thin exit windows to analyse a sample without 
the need for a vacuum chamber, MeV-SIMS has recently been developed into a fully ambient 
pressure technique.
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CHAPTER 1 
Introduction
1.1. Background
Over the past few decades, with much effort and at the behest of the biological sciences 
community, researchers developing mass spectrometry techniques have concentrated their ef­
forts on improving the ability to image larger molecular species at the cell level [1]. Imaging 
mass spectrometry combines the chemical specificity of mass spectrometry with microscopic 
imaging but this is known to put a strong demand on the performance of the ionisation 
source tha t is generating the molecular signal, requiring increasingly high efficiency. This 
lead to the development of many successful molecular imaging techniques, such as fast atom 
bombardment (FAB) [2], matrix-assisted laser desorption/ionization (MALDI) [3], and des­
orption electrospray ionization (DESI) [4]. Both MALDI and DESI boast the ability to 
produce two-dimensional maps representing the location of molecular species consisting of 
thousands of atoms. Promising recent research even indicates that both MALDI and DESI 
measurements can produce mass spectra with the sample held under ambient conditions (a 
crucial precondition for analysing biological material in situ), with a demonstrated absolute 
intensity repeatability, in the case of DESI, of 15% for measurements across a single day 
after careful optimisation [5], but these techniques are still far from ideal [1, 6]. Even the 
conventional low energy (keV/u) secondary ion mass spectrometry (SIMS) technique, known 
mostly as a tool for semiconductor manufacturers and physicists, in recent years has evolved 
with the help of cluster primary ion guns [7], matrix enhancement (ME-) [8], and Metal- 
Assisted (MetA-) SIMS [9]. These keV-SIMS techniques offer impressive molecular imaging 
capabilities for detecting the location of intact molecular species well into the kDa range;
1.1. BACKGROUND 7
however, each of the techniques mentioned above have notable shortcomings [10]. In the 
cases of FAB, MALDI and ME or MetA-SIMS, for example, there is a need for considerable 
sample preparation [8, 11]. As well, because of certain physical limitations, MALDI [12] and 
DESI have relatively large useful lateral resolutions (somewhere around seven fim for the 
case of MALDI [13] and above 50 //m for DESI), which helps to complicate the molecular 
imaging process. Clearly, if the biological science community wants to perform subcellular 
imaging of massive molecules using ambient mass spectrometry with very high lateral reso­
lutions a breakthrough in this field is needed. As will be demonstrated in this dissertation, 
this breakthrough may have come from a most unlikely place.
While exploring ways to enhance secondary ion yield, a group of researchers from Kyoto 
University (they will henceforth be referred to as the Kyoto group), using MeV/u primary ions 
from a tandem accelerator, demonstrated an ability to image large (above 1 kDa) molecular 
species at the cell level [14, 15]. The Kyoto group also demonstrated tha t a reduction in 
fragmentation of heavier molecules desorbed by ions suggests tha t the desorption process 
promoted by MeV primary ions favours lower fragmentation and, as a result, increases the 
ionization yield of heavy molecules. By performing these measurements the Kyoto group had 
taken advantage of an electronic sputtering phenomenon first discovered in the mid-1970s 
[16] tha t became known to researchers as plasma desorption mass spectrometry (PDMS).
PDMS was discovered by a group of nuclear physicist working at Texas A&M University 
when they, quite fortuitously, measured very high yields of molecular ions from a layer of 
biomolecules using fast heavy primary ions (the fission fragments from a californium source). 
These results were unexpected and not fully explained by the prevailing sputtering theories 
of the time. The collision cascade model [17] is an example of an early model used to try  to 
explain these high yields, but it consistently underestimated these values sometimes by several 
orders of magnitude [18]. This made interpreting the results difficult since the desorption 
mechanism was behaving in such a drastically different way than the well-understood nuclear 
sputtering mechanism.
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In a keV-SIMS measurement, atoms are ejected from the surface almost entirely as a 
result of momentum transfer directly from the energetic primary ions to atoms of the solid 
being bombarded. This sort of interaction typically takes place when the impinging ions 
have velocities less than the velocities of the atomic electrons, the Bohr velocity [19], and 
is described reliably by the collision cascade model. For fast ions, moving well above the 
Bohr velocity, as is the case for PDMS, the ion deposits its energy in the first top monolayers 
of the sample predominantly into the electronic subsystem. Researchers found tha t as long 
as the energy relaxation rate of the electronic subsystem of the sample is lower than the 
energy deposition rate (e.g. for insulators) a notable effect is the displacement of atoms in 
the vicinity of the ion track [20]. This process, often called electronic sputtering, has been 
proven to be an effective way to desorb large intact molecular ions from biomolecular samples; 
in fact, electronic sputtering induced by primary ions with energies in the hundreds of keV to 
several MeV per nucleon range can provide high yields for intact secondary ions representing, 
in the most extreme case, protein molecules as massive as 45,000 Da [19]. Thus, early on, 
and before MALDI became a popular mass spectrometry technique, the electronic sputtering 
induced by these high energy primary ions became a valuable tool for biochemists because 
of its ability to identify large organic nonvolatile molecules like bleomycin and amphotericin 
[21].
It can be stated tha t the research presented in this dissertation is very much a continua­
tion of the PDMS work started decades earlier with the added ambition of using scanned and 
focused heavy MeV ions to perform time-of-flight mass spectrometry with simultaneous heavy 
ion particle induced X-ray emission (PIXE) and Rutherford backscattering (RBS) measure­
ments (these techniques are defined in sections A.3 and A.2, respectively). By developing this 
novel mass spectrometry technique the aim is to avoid shortcomings encountered by other 
techniques, such as MALDI, DESI and keV-SIMS. This has mainly been accomplished by 
coupling the high yield for intact molecular species delivered by electronic sputtering with 
the already proven imaging capabilities of ion beam analysis (IBA) facilities [22]. Although
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this research has been conducted entirely within the confines of a high vacuum chamber, the 
results can also be considered preliminary work for the development of an external (ambient 
pressure) focused MeV ion beam mass spectrometry technique. External IBA is already in 
use in many IBA facilities for other techniques (see [23] for an example of MeV beams used 
for external PIXE and scanning transmission ion microscopy (STIM) research on cells) and 
applying molecular imaging will have clear benefits. In the following chapter, an extensive 
literature review of the theoretical and experimental work is presented. This is preceded 
below by a very brief introduction to the concepts and discoveries tha t lead to the develop­
ment of a technique tha t has recently been given the title “MeV-SIMS” by the international 
scientific community.
1.1.1. A nom alous sp u tte r in g  a t  h igh  energy : a  b r ie f  h is to ry  o f M eV -SIM S. In
1981, several years after PDMS’s discovery. Nature published an article [18] describing what 
the authors called anomalous sputtering at high energy. The term  “anomalous” was used 
because of the unexpectedly high secondary ion yield measured for samples bombarded with 
primary ions tha t deposit their energy in the surface of a sample predominantly through 
electronic stopping. This paper’s title sheds some light on the early impression of the sput­
tering mechanism responsible for PDMS and points to some of the early excitement in the 
field. Moving forward in time nearly two decades, as if conceding some level of defeat to 
the complexity of the electronic sputtering mechanism, one author explains th a t there was 
still no consistent theory to explain electronic sputtering [21]. Instead, as will be shown in 
section 2.2, simple analytical models are commonly used to predict the outcome of this type 
of interaction [20].
Spurred on by the findings tha t the well understood collision cascade model (used mainly 
to  describe the sputtering process involved with incident ions in the keV/u range [17]), pre­
dicted sputtering yields thousands of times less than seen with the PDMS technique, re­
searchers in the field decided that a better understanding of the interaction was needed.
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This research has been of particular interest to scientists in the field of astrophysics because 
the surface of certain solar system bodies, like the moons of the outer planets, are constantly 
bombarded by MeV ions. The ability to predict electronic sputtering yields and the desorbed 
particle kinetic energy distribution is a crucial component in estimating the gas content of 
sputtered particles in these atmospheres and to evaluate the lifetime of planetary rings [24]. 
This research on astrophysics phenomena, along with the eventual commercialisation of the 
PDMS technique in the early 1990’s [19] for use in the mass spectroscopy of thermally labile 
organic compounds [25], became the driving force behind most of the experimental work in 
this field. Despite these efforts, the complex nature of the interaction continues to obsfucate 
scientists’ understanding of electronic sputtering. A complete, unambiguous description of 
how fast, heavy ions deliver such high yields compared to the low energy (keV) primary 
ions has never fully materialised. The next section provides some insight of the physical 
underpinnings of the electronic sputtering mechanism.
1.1.2. C onversion  o f e lec tron ic  ex c ita tio n  in to  a to m ic  m o tio n . A brief look into 
the fast particle interaction in a dense medium can explain some of the more general electronic 
sputtering characteristics. It is known tha t there are two dominant processes of energy loss 
when a fast particle interacts with a solid, these are: 1) the interactions of the moving 
ion with bound electrons in the target; and 2) the interactions of the moving ion with the 
screened or unscreened nuclei of the target atoms. A third, less prominent interaction, known 
to be a contributor to background signals in PIXE measurements, is the radiative stopping 
associated with Bremsstrahlung radiation. If we investigate the behaviour of the stopping 
power over a wide energy range for an oxygen ion interacting with a benzene solid (see figure
1.1.1, generated using SRIM [26]) it is clear tha t there are two main stopping regimes as 
the ion’s energy increases towards 100 MeV. Nuclear stopping is the predominant stopping 
mechanism in the keV region while the electronic stopping reaches a maximum in the MeV 
region and is the dominant stopping mechanism. Pereira and Silveira [21] point to the fact
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F i g u r e  1.1.1. SRIM calculation of oxygen bombarding a leucine sample show­
ing the nuclear stopping (red) and electronic stopping (black) contribution as 
a function of the primary ion energy.
that in the type of high energy interaction where electronic stopping dominates up to around 
1 keV of energy can be deposited in the first nm below the surface. This energy, contained in 
a volume of around 1 nm^, is deposited within a very short period of time (about 10'^^ s). It 
has been demonstrated in experiments (described in section 2.3) that for a given amount of 
energy deposited, faster atomic projectiles produce smaller desorption yields. This is referred 
to as the “velocity effect” in electronic sputtering |21).
A number of models, proposed over the years to explain the experimental results from 
electronic sputtering, will be discussed in the following chapter. Specifically, a presentation is
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given of how for the case of a fast heavy ion depositing energy in a sample through electronic 
stopping it has become common practice to consider the energized ion core as a chain of point 
sources for interaction, leading to local heating, secondary electron emission, and pressure 
pulse or shock wave creation. At the surface, desorption of particles occurs when within a 
certain area or volume the temperature, the number of electron hits per molecule, or the 
pressure exceeds a critical value [27]. In much of the literature in this field the scaling of 
experimental characteristics on the volume of energy density deposited by an MeV atomic ion 
in the track is a common denominator connecting sputtering models to experimental results 
|20|.
1.2. Research Questions
The research presented in this dissertation aims to answer the question of whether it 
is possible to use an existing ion beam analysis facility to exploit the electronic sputtering 
phenomenon to perform imaging mass spectrometry measurements. Facilities like the Surrey 
Ion Beam Centre’s microprobe beam line used for this research routinely make use of MeV 
primary ion beams to induce atomic excitations in a sample to perform various quantitative 
and sensitive ion beam analysis techniques, such as PIXE and RBS, in an imaging mode. The 
addition of secondary ion mass spectrometry to this suite of techniques adds a potentially 
powerful and complementary component tha t requires examination.
1.3. Novel Aspects of this Research
This research represents the first attempted and successful use of electronic sputtering 
at a scanning microprobe facility to perform micron resolution time-of-flight secondary ion 
mass spectrometry (SIMS) measurements using a 2 MV tandem accelerator. Most notably, 
this research represents the birth of a novel technique tha t has recently become known to 
the international scientific community as MeV-SlMS. As will be shown in this dissertation,
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MeV-SIMS has been refined and applied to perform time-of-fight mass spectrometry mea­
surements in combination with other IBA techniques to demonstrate the following novel 
results: the first simultaneous SIMS, heavy ion PIXE and RBS spectrometry measurements; 
the first study of the yield enhancement from MetA-SIMS using MeV primary ions to explore 
the involvement of nuclear and electronic stopping in MetA-SIMS; the first depth profiling 
measurement of organic material using MeV primary ions for both sputtering and analysis; 
and, the first extensive study of various applications for MeV-SlMS, which include materials 
analysis, cultural heritage and forensics. The results in this dissertation have already lead to 
the awarding of a generous grant from the Engineering and Physical Sciences Research Coun­
cil, UK (EPSRC Reference: EP/1036516/1) for the funding of the development of the use of 
MeV-SlMS for conducting “Ambient Pressure Mass Spectrometry at the Sub Micron Scale” 
(see section 5.2 for an introduction of the development of ambient pressure MeV-SlMS).
1.4. Aims &: Objectives
At early stages of this research the primary aim was to integrate existing microprobe 
technology at the Surrey Ion Beam Centre with a time-of-flight mass spectrometer and tim ­
ing electronics with the objective of focusing heavy ion beams to micron resolutions and of 
measuring secondary ion signals using electronic sputtering in an imaging mode. Once this 
had been accomplished the aim was then to optimise various parameters known to influence 
secondary ion yield. The objective was to compare results from keV-SlMS measurements 
taken using a state-of-the-art SIMS device to look for similarities and differences induced by 
electronic and nuclear sputtering. Another aim concentrated on exploiting the more comple­
mentary aspects of using MeV primary ions (i.e. simultaneously induced SIMS, PIXE and 
RBS), with the objective of determining optimal conditions for simultaneous measurements. 
The final aim was to take all of this information and apply the MeV-SlMS technique to solv­
ing various common analysis problems, with an objective of testing the analytical capabilities 
of MeV-SlMS.
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1.5. D issertation Outline
Following this opening chapter, which gives the reader a brief introduction into the history 
of MeV-SlMS as well as a glimpse into some of the underlying causes of electronic sputtering, 
chapter 2 provides a detailed literature survey of theoretical models as well as experimental 
data already compiled in this field (additional background information is provided in appendix 
1, which gives the reader an introduction to ion track formation and the parameters involved 
with heavy ion PIXE and RBS). Chapter 3 presents an introduction to ToF-SlMS and this is 
followed by the materials and methods used to develop the MeV-SlMS technique, highlighting 
for the reader the limitations and challenges tha t needed to be overcome. Chapter 4 is a 
presentation of MeV-SlMS experimental results and this chapter includes a discussion of the 
implications of the results. W ithin chapter 4 there are two sections; “Evaluating MeV-SlMS” 
(section 4.2) and “Applying MeV-SlMS” (section 4.3). Section 4.2 provides an evaluation 
through various experimental results of the effect of changing certain parameters used in 
MeV-SlMS experiments (section 4.2.1), a comparison of measurements taken using keV- and 
MeV-SlMS (section 4.2.2), and an evaluation of the concept of simultaneously collecting 
SIMS, heavy ion PIXE, and heavy ion RBS data (section 4.2.3). The second half of chapter
4 (section 4.3) explores specific applications for MeV-SlMS by studying the performance of 
MeV-SlMS in specific materials analysis scenarios (section 4.3.1), art and archaeology studies 
(section 4.3.2), and various forensics applications (section 4.3.3). The first section of chapter
5 summarises all of the results and presents conclusions. The second section of the final 
chapter details the development of ambient pressure MeV-SlMS, which is considered to be 
the future of this technique.
CHAPTER 2 
Literature Survey
2.1. Introduction
The first use of MeV primary ions for ToF-SIMS experimental analysis was reported more 
than thirty years ago [16] and this was followed by many experimental and theoretical [19, 20] 
investigations of the electronic sputtering phenomenon. This research consistently pointed to 
the fact tha t MeV primary ions can induce greater sputtering yields than less energetic keV 
primary ions, but the mechanism responsible, generally speaking, was poorly understood. 
After these initial discoveries a large body of experimental work was devoted to exploring 
physical parameters closely related to surface analysis using the ToF-SlMS technique with 
cluster impacts at MeV energies [28] as well as MeV monomer primary ions. For the latter, 
these parameters include: primary ion energy [29]; charge state [29, 30, 31]; angle of incidence 
[32, 33, 34]; primary ion velocity [32, 35]; primary ion energy loss [36]; effective charge [35]; 
secondary ion desorption yield; and damage cross section [37]. Some of the results of these 
studies will be presented in the following section beginning with a look at the theoretical 
models used to describe the mechanism responsible for the experimental results, which are 
presented later in section 2.3.
2.2. Theoretical Models of the Electronic Sputtering M echanism
It is known from experimental observations tha t an impacting fast heavy ion gives rise 
to both activated and correlated features of the underlying quasi-thermal energy diffusion 
[20]. W ith the aid of molecular dynamics simulations of a cylindrical track of energized 
particles it has been shown [38] that ejected particles mostly originate from the ion track,
rather than from its surroundings, as well as from the first or the first few monolayers.
15
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Hydrodynamical models, such as the “pressure pulse” or “shock wave” models, are used to 
explain the “correlated” intact ejection of large bio-organic molecules [39], but in the case 
of more volatile organic compounds, the thermal spike (or evaporative) sputtering [40] is 
often considered. Both the shock wave and pressure pulse models are seen to be similar 
sputtering models in tha t they are characterized by a collective motion directed at a distance 
and both predict the following [41]: 1) the sputtering yield scales as ( ^ )^ ;  2) the sputtering 
of biomolecules is anisotropic with respect to the surface normal; and, 3) there will be crater 
formation in the target material surrounding an ion impact site.
In the case of the pressure pulse model, the impinging energetic primary ion deposits 
an ion track into the sample with an energetic core with a radial energy density gradient 
responsible for a radial pressure. The energy deposited into the ion track is released as a 
pressure pulse into the surrounding medium. This model, as well as allowing for the prediction 
of the yield as a function of the stopping power of the incident ion, has been used to predict 
the mean ejection angles of the desorbed molecular ions [19]. Figure 2.2.1, presented by 
Bergquist et al. [19], to demonstrate how fast heavy ions impacting biomolecules, in this 
case Bovine insulin {C2 5 4 H 3 7 7 N 6 5 O7 5 SQ), produce high energy ionization density in the ion 
track (at a radius of about 0.4 nm) and this can lead to fragmentation. At times, Bucky Balls 
are even ejected from this region in some cases [42]. Large molecular ions are also ejected 
from a radius outside of the ion track (about 1 to 2 nm) with large molecular neutrals coming 
from a radius of about 4 nm and damage extending to about 10 nm.
The so-called shock wave mechanism creates sputtering from the formation of shock waves 
from high density energy spikes due to collision cascades or Coulomb explosions from the ion 
path of a fast heavy ion in a solid. Bitensky and Parilis [43] explain tha t the arrival of a shock 
wave on the solid surface and its reflection, which can be seen as the result of a pressure pulse 
exceeding the velocity of sound [27], is known to cause surface tension and ablation within a 
critical radius.
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Bovine insulin
Axial expansion
Radial expansion
F i g u r e  2.2.1. The interaction of fast heavy ions impacting Bovine insulin 
molecules {C2 5 4 H 3 7 7 NQ5 O7 5 SQ), showing the regions from which different species 
are sputtered. From the ion track, shown as region a (radius of about 0.4 nm), 
fragments are desorbed; larger molecular ions are ejected from a larger radius 
(about 1 to 2 nm), indicated by region b, and larger molecular neutrals coming 
from region c (about 4 nm), with damage in region d extending to about 10 
nm [19].
In 1997, a review [20] of theory relating to the underlying physical properties of sput­
tering induced in molecular solids by MeV atomic ions painted the following picture of the 
energy diffusion process responsible for electronic sputtering and helps to demonstrate the 
complexity of this interaction: 1) At early times after the primary MeV ion deposits a track, 
positive fragment secondary ions, intact molecular secondary ions and neutrals, and even 
chunks/clusters are ejected from the sample; 2) radial velocity patterns indicate mostly a
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correlated, pressure pulse material response in ejecting these species, with collector-based 
angular distribution measurements confirming tha t ejection patterns are non-equilibrium 
and directed away from the incident ion azimuth; 3) The sputtering yield of neutral sput­
tered species scales as the stopping power cubed, ( ^ )^ ,  consistent with the pressure pulse; 
4) Point-of-origin information indicates that the positive fragment ions originate from within 
the crater region of surface defects, so by considering point 1) above, it appears tha t at least 
some material from the crater comes from the pressure pulse; however, 5) crater widths in 
L-valine, an amino acid, scale as a dispersive, thermally activated signature, which
may indicate a thermally activated contribution to crater formation and relaxation; finally, 
6) negative fragment ions do not behave like positive ones, instead they show a thermal 
signature in their radial velocity distributions.
Evidently, there are at least two components to the electronic sputtering process: an 
evaporative spike and a pressure pulse. These models were put into the same analytical 
model by Johnson et al. [44] by summing the impulses to describe the sputtering. The 
impulses represent secondary particle cascades for collisional excitation of a solid, and in 
the case of electronic excitation, the impulses may be produced by dissociation of molecules, 
repulsion of ionized neighbours, or expanding, vibrationally excited large molecules [44]. At 
high excitation densities these impulses will act cooperatively. In the initial stages, the 
system is very disturbed, as described in the “Coulomb Explosion” model [45] (an excellent 
explanation of this model is given by Wein [27]), but after some time the region surrounding 
the ion track is energised and the impulses can be treated additively. This model gave the 
correct scaling for the sputtering yields produced by fast ions at very high excitation densities 
as well as correctly interpreting the incident angle dependence of electronic sputtering yields.
2.3. A review of the Experimental Results
For most fundamental studies investigating the interaction of MeV ions with molecular 
solids, experimentalists rely heavily on ToF-SIMS, energy analysis, collection and analysis of
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sputtered material, and scanning force microscopy to analyse the following characteristics of 
the impact [20]: sputtering yield, radial and axial velocity distributions, angular distributions, 
and surface track morphology. It is commonplace in these studies to use different primary ions 
with the same velocity to vary the energy density in the ion track while keeping the track 
size constant (since the track radius is proportional to the velocity of the incoming ion); 
moreover, by keeping the primary ions in charge state equilibrium by passage through a thin 
carbon foil before hitting the samples many experimentalists have attem pted to eliminate 
charge state dependencies on the secondary ion yield.
When using MeV primary ion energies for mass spectrometry a good understanding of 
the desorption depth of the secondary ions, and any damage created by the impinging ion 
as it sputters the sample’s surface is an obvious necessity. When the fast heavy primary 
ion deposits its energy into the target medium the result is the formation of a surface track. 
Normal-incidence ions produce craters with low rims, while grazing-incidence ions produce 
wider craters accompanied by hillocks and tails on the surface. Reducing the stopping power 
(dE/dx)  but keeping ion velocity constant, crater widths, lengths and depths become smaller. 
Crater widths scale as % (dE/dx)^-^ (and crater areas scale as % (dE/dx)),  which suggests the 
operation of any kind of activated material modification mechanism, including evaporation, 
combined with energy transport; however, formation of hillocks, tails, and crater rims can 
be consistent with with correlated material rearrangement and suggests the operation of the 
pressure pulse mechanism [20].
Save et al. [46] measured the secondary ion formation by fast heavy ion impact on 
Langmuir-Blodgett films of fatty acids using the following primary ions, which all have the 
same velocity: 7.4 MeV 9.9 MeV 19.7 MeV 48.6 MeV ^^Br, and 78.2 MeV 
Their data conclusively demonstrated tha t molecular ions originate from molecules in 
layers other than the surface layer, and tha t craters form with depths depending on the 
stopping power of the incident ion. Lower limits of 100 to 200 angstroms were seen for the 
crater depths and a damage cross section was measured corresponding to a radius of 60 ±10
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angstroms. In the case of the primary ion iodine, they estimated tha t roughly 4500 molecules 
are sputtered per impact. Save et al. point to the fact tha t this number is similar to the 
total yield of intact leucine measured by Salehpour et al. [47] (these results are introduced 
in detail below). In another paper released the same year. Save et al. [48] using primary 
ions of 71.5 MeV i27ji5+  ^ ig MeV ^^ S®+, and 6.76 MeV investigated the fast heavy
ion induced desorption yields for positive and negative secondary ions of biomolecules as a 
function of sample film thickness on various substrates. Their results showed tha t regardless 
of the sample used, the yield increases with thickness to between 80 to 200 angstroms and 
then saturates. The shape of the ion yield curves were independent of the electronic stopping 
power of the primary ion, i.e. independent of the deposited energy in the surface region of 
the sample, and a substrate dependence on the yield was seen showing tha t more insulating 
substrates influence higher yields than conductors.
Albers et al. [35] measured the secondary ion emission from dielectric films as a function 
of primary ion velocity and their results are typical of any yield measurements taken over a 
large kinetic energy range. Secondary ion emission measurements were collected using the 
time-of-flight technique from alkali halide (CsCl -f- RbBr mixture) and amino acid (valine) 
samples using and primary ion beams with energies ranging from 20 keV to 20 MeV. 
Their two-fold time-of-fiight technique generated mass spectra of secondary ions measured 
simultaneously for primary ion velocities between 0.05 cm /ns and 1.2 cm/ns. Two branches 
in the yield function (one below 0.2 cm/ns and one above) corresponding to the nuclear and 
electronic loss of the primary ions were observed as is clearly shown by figure 2.3.1. Another 
paper, by Hakansson et al. [32], measured the yields as a function of primary ion velocity and 
angle of incidence using a 6 MV tandem accelerator and a scattered beam passing through 
a thin foil with the sample electrosprayed on top. The primary ion passes through the 
sample, sputters it, and finally hits a surface barrier detector to register a “s tart” pulse for 
the time-of-flight measurement. The secondary ions were accelerated through a drift region 
to a microchannel plate detector to deliver the “stop” pulses. The relative yields for Cs"^
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ions using various primary ions over a large range of energies shows the relative effect of the 
increased energy density in the ion track to secondary ion yields (see figure 2.3.2). The results 
of this study demonstrated that the secondary ion yield decreases faster at both high and low 
velocities as compared to the stopping power and that the threshold region for desorption at 
around the Bohr velocity like that demonstrated by Albers et al. [35] was clearly seen in all 
primary ion cases. Hakansson et al. [32] also went on to measure the yield as a function of 
angle of incidence of the primary ions and found that there was a {cosOy^ dependence on 
the yield, where n > 2 and 0  is the angle between the sample surface plane and the ion beam
2.3. A REVIEW OF THE EXPERIMENTAL RESULTS 22
1000
fOQ 500
m
■a
o
0.5 2.5
Velocity (cm/ns)
F ig u r e  2 .3 .2 . Yield of Cs+ ions for various primary ions, where the dotted- 
curve is the stopping power for plotted for comparison (taken from |32]).
trajectory (results shown in figure 2.3.3). In a later paper, Hakansson et al. |33] also measured 
biomolecule desorption yields as a function of the angle of incidence for 20 MeV ions and
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found that if 0  represents the angle of incidence between the primary ion and the normal 
to the sample surface (oblique incidence corresponds to 6  — 90°) the measured distribution
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could be characterised as {cos9)~'^. However, they warn that the measured distribution does 
deviate systematically from this in the angular region from 40° to 70° (figure 2.3.4).
From the early history of the technique, electronic sputtering was seen as an anomaly 
[18] by most researchers in the field, mainly because the collision cascade theory used to 
explain nuclear sputtering induced by low energy impacts failed to predict the large increases 
in sputtering yield over this higher primary ion energy range. In a seeming attem pt to 
demonstrate to the keV-SIMS community electronic sputtering’s qualities, comparison studies 
were designed to show, for example, that higher yields are generally measured (both in terms 
of the secondary ions and the total sputtered yields). In fact, in some cases, this sputtering
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yield increase has been experimentally shown to be as high as 10^ times greater for intact 
molecular species above 1000 u [15] in both positive and negative analysis modes using 
ToF-SIMS techniques for experiments using 30 keV Au+ or 30 keV Aug, and 6 MeV ®^Cu^+ 
primary ions. Kamensky et al. [49] studied the ion induced desorption yields of molecular ions 
from primary beams of 54 MeV ®^ Cu®+ and 3 keV ^^^Cs+ using the time-of-flight technique. 
A wide range of samples were analyzed, including: cesium iodide, glycylglycine, ergosterol, 
bleomycin, and trinucleoside diphosphate. W ith great care taken to preserve the experimental 
conditions for both the low and high energy measurements they found tha t in all cases the 
swift, heavy ions gave larger yields and the yield ratios for high to low energy desorption tends 
to increase with the mass of the sample molecule. A summary of their results is provided in 
table 1.
M olecule M olecu lar M ass Y ieldMe.v Yieldi,,.v
Cesium iodide 133 1.5=t0.1
Glycylglycine 132 13.7=1=0.5
Ergosterol 396 18.24=0.5
Bleomycin 1375 2234=25
Trinucleoside diphosphate 1884 1964=50
T a b l e  1. Ratio of the ion induced yields of molecular ions from sample of 
various molecular masses using primary beams of 54 MeV ®^ Cu®+ and 3 keV 
^^^Cs+[49].
There was also some effort made to collect total sputtered yields. The first data on the 
total yield of biomolecules sputtered by fast ions were presented for a target composed of 
the amino acid leucine (m/z =  131 u) bombarded by 90 MeV at an angle of 60® with 
respect to the target surface normal in work performed by Salehpour et al. [47]. In this 
research a total yield of 1200=1=300 was obtained by assuming a cosine angular distribution 
with no normalisation to account for target damage. It was also demonstrated th a t fast 
heavy ion induced desorption is mainly a neutral ejection process, with ionised material 
consisting around one in 10'^  of the desorbed species, which suggests tha t much could be 
benefited by using post-ionisation techniques. Another study of the total yield as well as
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polar angle distributions of intact tri-leucine molecules (m/z =  357 u) was performed using 
the collector method [50] with 55 MeV primary ions bombarding a target with an angle 
of 51° with respect to the target surface normal. Taking into account damage induced during 
irradiation and the angular distribution, a total yield of (3.5 ±0.7) x 10  ^ sputtered tri-leucine 
molecules per ion incident on a pristine target was obtained. The observed distribution of 
sputtered molecules (shown in figure 2.3.5) is asymmetric and peaked away from the incident 
ion direction. In the plane perpendicular to the plane of incidence the distribution is normally
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peaked with a shape similar to a cos‘^ 6  function, with n  %1.5. The plane-of-incidence data 
show excellent agreement with the asymmetric angular distributions obtained by molecular 
dynamics simulations of a 6-12 Lennard-Jones solid excited by expansion of a narrow 45° 
track [20]. The results of these simulations agree with predictions of the pressure pulse 
model. In situ PDMS was used on the collectors to determine the stopping power, (dE/dx), 
dependence of the total yield. Hedin et al. [51] found a cubic dependence for the amino acid 
leucine. A cubic scaling with dE /dx for the total yield is also predicted by the pressure pulse 
model and by molecular dynamics simulations [20].
Hakansson et al. [30] investigated the charge-state dependence of desorption of biomolecules 
induced by fast heavy ions using 20 MeV ions in increasing charge states from 2 + to 8+ 
and these results demonstrated a strong dependence of the yield on the charge state of the 
primary ion, which was not surprising since electronic interactions play such a role in the 
initial energy deposition. They discovered tha t the SIMS fragmentation pattern does not 
change for the different charge states used and they even hint in this paper at a similar sepa­
rate finding from their group for the fragmentation pattern when they investigated changing 
velocity and angle of incidence of the primary ion. Duck et al. [31] also used oxygen primary 
ions with energies of 20 MeV and 25 MeV with charge states ranging from 4 + to 8 +  to measure 
yields of organic molecules. Here, the authors unconvincingly show tha t the yield is roughly 
proportional to the charge state of the primary ions and a note was added in the proof of the 
paper tha t subsequent measurements showed tha t lower charge state data may give a second 
order dependence over the charge states. Finally, in a paper by Voit et al. [29], several param­
eters, including charge state of the primary ion, were investigated relating to the desorption 
of biomolecules induced by and over large energy ranges. For primary ions of
9 MeV (see figure 2.3.6) they measured the yields obtained of [valine-COOH] + molecular 
ions and showed tha t desorption is restricted to the surface and a thin region underneath, the
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depth of the region (the desorption depth), which they calculated with a yield equation de­
rived from their earlier results, was shallower than the depth needed to establish equilibrium 
charge state distribution for the primary ion. The yield equation:
(2.3.1)
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gives a good description of the measured data, where ipi{x) are the non-equilibrium weights 
calculated from measured electron loss and capture cross sections, q is the charge state, a is a 
constant, and d is the desorption depth. This equation was used to fit the data in figure 2.3.6, 
assuming tha t the primary ions desorb within d with equal strength, so tha t the desorption 
depth chosen corresponds to about six monolayers of the valine molecule.
Attempts were made in 1983 to develop a spatially resolved mass spectrometry technique 
using electronic sputtering induced by 84 MeV ^^Kr^'^ions focused to a ten /im diameter 
[52] to analyse targets of NaCl and KCl microcrystals in a scanning mode. This was the 
first application of PDMS for spatially resolved analysis and the researchers were able to 
identify features as small as 60 fim wide. It was some twenty years later when another group 
of researchers attem pted to use spatially resolved MeV ion beams of oxygen to perform 
so-called Particle-Induced Desorption (PID) in combination with PIXE (performed using 
four high purity germanium detectors). For this PID-PIXE work, Antolak et al. [53] used an 
Oxford triplet magnetic quadrupole lens system capable of focussing 6 MeV to around 
25 /im spot sizes to measure a uranium sample. The mass spectrometer was an in-house 
(designed and built) linear time-of-flight detector incorporating an electrostatic mirror. On 
another accelerator, Antolak et al. [53] used 4 mm spot sized beams of 4 MeV O^"  ^ to perform 
mass spectrometry measurements of a sample of uranium acetate with a single quadrupole 
mass spectrometer. The authors claim tha t a 22 mm^ Si-PIN photo-diode detector was used 
to collect PIXE data; however, no data was presented in the paper [53]. Although Antolak 
et al. [53] claim tha t high-resolution (micron-scale) chemical imaging is possible by scanning 
the beam over the sample there is no published evidence of any imaging work ever done 
using PID-PIXE. The next chapter explores the materials and methods used for the research 
in this dissertation to further develop spatially resolved mass spectrometry using electronic 
sputtering.
CHAPTER 3 
Materials &: M ethods
3.1. Introduction
MeV-SIMS differentiates itself from plasma desorption mass spectrometry (PDMS) by its 
use of a focused primary ion beam to simultaneously generate SIMS and other ion beam anal­
ysis data from a sample in an imaging mode. This is an im portant advancement as molecular 
imaging using spatially resolved mass spectrometry is becoming a widespread technique tha t 
is increasingly used in many areas of research [1, 54]. This chapter describes the equipment 
assembled in the MeV-SIMS facility at the Surrey Ion Beam Centre tha t has been designed 
for the focusing and scanning of pulsed micron resolution primary ion beams accelerated to 
kinetic energies in the MeV/u regime.
As was described in the earlier chapters, to increase the secondary ion yield of an MeV- 
SIMS measurement the energy density of the ion track deposited by the impinging ion at 
the sample’s surface must be above a threshold value. This imposes the requirement on the 
experimental design tha t the primary ion not only have an atomic number above th a t of 
around carbon but tha t the ion is to be moving faster than the Bohr velocity with respect to 
the sample. This velocity must also approach, but not exceed, a value at which the electronic 
stopping power for the bombarding ion nearly reaches a maximum value. In MeV-SIMS, us­
ing primary ion species with a large mass for a given velocity gives an automatic benefit of 
increasing secondary ion yield; however, this increase in secondary ion yield comes at the 
cost of a worsened lateral resolution due to the use of magnetic quadrupole lenses in the 
Surrey Ion Beam Centre. The magnetic rigidity of the primary ion, defined as its momentum 
divided by its charge state, imposes an im portant limitation on the lateral resolution. The
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optimisation of the MeV-SIMS experiment is further complicated by the need to increase the 
production cross section values of X-rays being induced in the heavy ion particle induced 
X-ray emission (PIXE) spectrometry or heavy ion backscattering measurements, which also 
require the primary ion velocity to be within specific values.
As will be demonstrated in this dissertation, various heavy primary ion beams have been 
successfully employed on the MeV-SIMS facility at the Surrey Ion Beam Centre. The next 
section gives the reader an overview of the ToF-SIMS technique as well as an introduction to 
known experimental issues confronted when analysing samples. The final section of this chap­
ter outlines the main components of the equipment used for MeV-SIMS and the challenges 
tha t have been overcome when designing and installing the equipment.
3.2. ToF-SIMS: A Brief Overview
Time-of-flight SIMS (ToF-SIMS) is the dominant experimental variant of static SIMS, 
which makes use of fluences less than 10 ^^  ions/cm^ such tha t within the time scale of the 
experiment much less than 1% of the top surface layer of sample receives an impact [55]. 
This minimises damage to the surface chemistry to the sample. This technique emerged 
as a technique of potential importance in surface science as a consequence of the work of 
Benninghoven [56] and his group in Münster in the late 1960s. A primary ion or neutral 
beam with energy between 1 to 25 keV is used to bombard a surface and induce a collision 
cascade to liberate atoms or atom clusters from the surface of the sample. Gallium and 
similar sources give high spatial resolution, caesium and oxygen enhance the negative and 
positive ion yields, respectively, and argon and xenon are the traditional sources for ultra-high 
vacuum studies [55]. As was mentioned in the first chapter, in more recent years SIMS has 
evolved with the help of cluster primary ions [7, 11, 57], which deliver impressive secondary 
ion yields and depth profiling capabilities.
It can be said that the field of SIMS is in a relatively mature state with the Interna­
tional Standards Organisation (ISO) operating a Technical Committee (TO 201) on Surface
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Chemical Analysis tha t has a number of subcommittees and working groups. Standard sam­
ples developed by the UK National Physical Laboratory (NFL) have been used in worldwide 
round robin exercises over the past two decades to determine the repeatability (shown to be 
less than 2% [58] for some instruments) and reproducibility of both keV-SIMS instrumenta­
tion and operation [59, 60]. The variation of detection efficiency from one spectrometer to 
another, as well as for one spectrometer with time, is a significant contribution to the poor 
reproducibility of spectra in static SIMS [55]. There is currently a round robin exercise on 
sample preparation being conducted as part of the European Cooperation in Science and 
Technology (COST) Biomedicine and Molecular Biosciences (BMBS) Action BM1104 “Mass 
Spectrometry Imaging: New Tools for Healthcare Research” which is largely targeted at the 
Matrix-Assisted Laser Desorption/Ionization (MALDI) community, but is being adapted to 
keV-SIMS [Dr. Alex Henderson, personal communication, 25 May 2012].
Analysis of standard samples is useful in defining the level of ability within the technique, 
for keV-SIMS the analysis of real-world samples still poses some problems, in particular with 
changes in ionisation probability tha t is, to some degree, sample dependent: the so-called 
“matrix effect” and often results in unwanted ion suppression. In static SIMS, work is being 
undertaken to study and circumvent these issues including the use of novel primary ion 
beams, operating in an overpressure of water vapour or nitric oxide, coating the sample in 
nitrocellulose, metals (Au or Li) or MALDI matrix. Insulators are a special problem because 
of sample charging and the materials dielectric property, since the electric field used to  extract 
ions can penetrate into the bulk of an insulating material such tha t the surface potential is no 
longer equal to the sample holder potential, which has two effects [55]: the first is to change 
the energy of the emitted secondary ions which may move them out of the energy acceptance 
of the analyser; the second is to introduce a lateral field gradient across the sample affecting 
the secondary ion trajectory. A flood gun is usually necessary to provide surface charge 
stabilisation and is accomplished with low-energy electrons pulsed between the secondary 
ion extraction pulses.
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It is informative at this point to consider the SIMS equation to understand a sample’s 
involvement during the measurement in a SIMS experiment, the SIMS equation has the 
following form [55]:
(3.2.1) Im =
where is the secondary ion current of species m. Ip is the primary particle flux, Ym 
is the sputter yield, o;+ is the ionisation probability to positive ions, is the fractional 
concentration of the chemistry m  in the surface layer and rj is the transmission of the analysis 
system. Clearly, the sample itself can account for a significant contribution to variations 
between spectra and consequently poor repeatability due to positioning, tilt, charging, surface 
roughness or contamination [55]. Angular and energy distributions of the secondary ions vary 
with ion species such tha t a sample tilt difference of more than a few degrees can affect the 
transmission of molecular ions and change the relative spectral intensity. Sample roughness 
and topography, too, can reduce the mass resolution [61] because of the different relative 
starting positions of secondary ions and the electrostatic field is reduced in dips and troughs 
by a screening effect from the uppermost surface [55].
In the early 1990s, Benninghoven’s group acquired a combination ToF-SIMS/PDMS in­
strument and performed many comparison studies testing the differences between nuclear 
and electronic sputtering. In one such study [62], thick layers of various polymer materials 
were investigated. For all polymers measured, characteristic spectra were obtained with both 
desorption techniques and the yield (number of detected secondary ions divided by number 
of primary ions) of characteristic secondary ions for PDMS was 1 to 2 orders of magnitude 
higher than for SIMS. They also demonstrated tha t oligomers of various polymers could be 
desorbed from thick layers with both desorption techniques, with only the PDMS measure­
ments showing correct distributions. This study also showed that the sensitivity for surface
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contamination in SIMS is greater than in PDMS. The next section introduces the equipment 
installed in the Surrey Ion Beam Centre for MeV-SIMS that builds upon the past electronic 
sputtering results and adds an imaging capability as well as the option of performing simul­
taneous ion beam analysis.
3.3. The Surrey Ion Beam Centre MeV-SIMS Facility
The Surrey IBC Stephens (tandem) accelerator facility houses a 2 MV tandem accelerator 
connected to a number of dedicated beam lines that are traditionally used for Ion Beam 
Analysis [63] studies. The layout and components housed in this laboratory can been seen in 
figure 3.3.1, which presents a bird’s-eye view of a scale diagram of the laboratory. A source
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cabinet at the low energy side of the accelerator generates negative ions with either the HVEE 
Model 358 duoplasmatron ion source or the Model 860 negative ion sputter source. Specific 
ionic species are selected at the low energy end of the accelerator after extraction from the 
source using a 90° magnet. These ions are then accelerated into the tandem accelerator where 
some fraction of the negative ions are stripped of charge using a curtain of nitrogen stripping 
gas. The positively charged ions emerging from the stripping gas then experience additional 
acceleration out of the high energy side of the accelerator where they are collimated with 
slits, focused using quadrupole lenses, and steered with magnetic and electric fields down a 
beam line chosen by a user sitting in the control room.
The microprobe beam line, which is typically used for PIXE and RBS analysis with a 
micron lateral resolution beam of protons or alpha particles of up to a few MeV of kinetic 
energy (a description of this beam line’s components can be found in [64]), has been modified 
for the MeV-SIMS experiments. A quadrupole triplet [65] from Oxford Microbeams Ltd. 
focuses the ion beam with an object distance of 6.3 m and an image distance of about 
18 cm using slits. The chamber is designed for a small image distance and hence a high 
demagnification and is equipped with a three-axes Huntington PM-600 TRC Precision XYZ 
sample stage with two fim movement precision [64]. Generally speaking, beam currents of tens 
of pA and up to a few hundred pA of various heavy ion beams were used for the MeV-SIMS 
experiments (before pulsing) and all measurements were performed with the sample held 
under high vacuum conditions at or below 10“® mbar. The vacuum chamber, which is an 
octagonal target chamber from Oxford Microbeams Ltd. has been fitted with either a linear 
or a refiectron-type mass analyser to collect, analyse, and detect the secondary ions desorbed 
by the MeV primary ions.
The linear time-of-fiight (LToF) analyser, used in the majority of the MeV-SIMS mea­
surements, was a 1000 mm long linear flight tube connected to a microchannel plate (MCP) 
detector. The Jordan ToF Products Inc. 25 mm active area MCP detector has a 50 0  
coaxial output and provides high gain (10® to 10 )^ with sub-nanosecond rise time with a
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grounded input grid and a D-603 TOF power supply. The two-stage refiectron-type analyser 
(RToF) [66] was a VG Scientific Type 23 system (the same analyser has been used in past 
conventional keV-SIMS studies [67]). The mass spectrometer was mounted at a 45° angle to 
the incident beam and normal to the sample’s surface plane. The analysers were attached 
to the chamber with an Einzel lens (2.1 kV applied) and four deflector plates to help with 
throughput to the detector (see figure 3.3.4). The PIXE detector, a Si(Li) detector from 
e2V Scientific Instruments (Sirius 80) (12 fim Be window, detector area 80 mm^), was placed 
at an angle of 90° to the incoming beam. A particle detector was also mounted above the 
entrance of the beam (0  =  165°, D =  16.5 msr). In transmission geometry, a Hamamatsu 
S1223 Si photodiode and a carbon Faraday cup were mounted onto a rotating flange, thus 
allowing for the measurement of on-axis and off-axis scanning transmission ion microscopy 
(STIM) [64] and beam current, respectively. STIM [68 , 69] was used in most measurements 
to determine the lateral resolution of the beam using a copper grid and scanning the beam 
across the grid edges [70]. At times, PIXE and RBS were used to determine the spot size of 
the beam when transmission measurements were not possible. The spot size measurement 
was performed by scanning the focused primary ion beam across a metal grid and the X-ray 
or RBS signals were monitored. The beam spot size was estimated using a metal grid with 
sharp edges (i.e. smaller than the expected beam size) by first generating a full 2D map of 
the sample and then an L-shape scan was performed across a single horizontal and vertical 
section of the grid. Line profiles of the horizontal and vertical scans were then measured. 
The difference between the 10% and 90% levels of the edge profiles gave the lateral resolution 
of the beam spot in the horizontal and vertical directions. All MeV-SIMS, STIM, PIXE 
and RBS data was collected on an event by event basis (listmode) with the data acquisition 
(OMDAQ) system from Oxford Microbeams Ltd.. Figures 3.3.2 and 3.3.3 provide views of 
the location of the various detectors placed in the microbeam chamber.
A Behlke Fast High Voltage Transistor Switch (HTS 61-03-GSM), capable of pulsing a 
±3  kV output signal at 5 kHz, was used to swing the primary ion beam off target and across
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Camera
F ig u r e  3 .3.2. PIXE, RBS, ToF-SIMS chamber with the red arrow indicating 
the direction of the primary ion beam (the red cable near the sample location 
is at the bottom of the sample chamber and is not involved in the measure­
ment).
a set of collimating slits by applying the high voltage output to one plate of a beam deflector 
placed along the microbeam line (the position of the beam deflector is shown in figure 3 .3 .1). 
In most experiments the primary ions are pulsed to a width of between 30 to 150 ns, with a 
frequency of 5 kHz. This pulse width was determined by the channel width of the hydrogen 
peak in the mass spectrum collected in positive polarity mode.
The sample stage used was a flat 2 mm thick rectangular piece of copper (20 x 70 mm^) 
suspended from the top of the chamber. Samples were held in place by two-sided carbon 
tape. The stage was connected to an SHV connector at the top of the chamber and plugged 
into a high voltage power supply to provide the accelerating potential for the secondary ions. 
Most of the MeV-SIMS measurements were collected in a positive polarity mode with 4.6 kV
3.3. THE SURREY ION BEAM CENTRE MEV-SIMS FACILITY 38
Primary 
ion beamIon mirror
Einzel
lens
Quadrupole lens 
triplet
X-ray detector Target
chamber
F ig u r e  3.3.3. A diagram showing the position of the X-ray detector and MeV- 
SIMS reflectron device on the microprobe vacuum chamber (image courtesy of 
Dr. V. Palitsin, Surrey Ion Beam Centre).
applied to the sample stage. The sample holder was rotatable along the azimuthal angle using 
a grub-screw to allow for accurate sample tilt positioning. Typically, the sample was kept 
facing the direction of the mass spectrometer at 45° to the incident beam. The tilt position 
was adjusted at the beginning of an experiment to optimise the count rate. It was recognised 
tha t the lack of charge compensation in this system could result in poor mass resolution or 
even a loss of signal all together due to inhomogeneous or large surface potential [55], such 
that careful attention had to be paid to the performance of the system for each sample. 
Generally speaking, the mass analyser was aligned and tuned throughout the study using a 
procedure that was an iterative and systematic process starting with setting the deflectors 
in the middle of their range (i.e. zero deflection), and then each pair was adjusted in turn to 
optimise the signal and mass resolution while keeping the image centred as much as possible
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[55|. No post acceleration was used and this is expected to decrease the detection efficiency 
for ions above a few thousand u [55], thus limiting our ability to test the performance of the 
technique at measuring massive molecular ions.
The main components built into the timing and acquisition electronics associated with the 
MeV-SIMS system (illustrated by figure 3.3.4) are as follows: a preamplifier (ORTEC 9306 1 
GHz); a constant fraction discriminator (CFD, Model 2126 Canberra); a time-to-amplitude 
converter (TAG, ORTEC 566); a function generator, to send a START pulse to the TAG 
and a transistor-transistor logic (TTL) control signal to the high voltage switch responsible 
for the beam pulsing; and a 12-bit analogue-to-digital converter (ADC, Oxford Microbeams 
Ltd.).
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Although the TAG proved to be an excellent device to integrate the MeV-SIMS time-of- 
flight acquisition system with the existing data acquisition system on the microprobe line 
there were shortcomings tha t bear mentioning. The ADG used for data acquisition mea­
sures the amplitude of the voltage of an incoming event and the software then associates 
the event to a channel number in the ADG. The TAG was used to measure the time in­
terval between the “start” (rising edge of the TTL pulse from the function generator) and 
“stop” (pulse from the MGP-preamplifier-GFD chain) inputs and generates an analogue out­
put with an amplitude proportional to the interval time. Because the TAG is a single-stop 
device it was identified early in the research that there was a strong likelihood tha t the TAG 
might discriminate for lower m /z pulses. This required some investigation to see to what 
degree the TAG was distorting the spectrum when compared to a spectrum acquired with a 
multi-stop time-to-digital converter (TDG). For this purpose, the Stanford Research Systems 
Model SR430 Multi-channel Scalar as well as the Kore TDG (MSB 67-11-99) were used to 
monitor pulses from the MGP with the preamplifier output (which comes equipped with two 
identical output ports) divided into the TAG or one of the multi-stop devices. Figure 3.3.5 
demonstrates, over the m /z range of 0 to about 800 u, two spectra acquired for the same 
MeV-SIMS measurement of an Irganox sample [71] using 4 MeV 0®+ with one output from 
the preamplifier connected to the TAG and the other preamplifier output connected to the 
Kore TDG. From this measurement it can be determined tha t the Kore TDG’s 18644 chan­
nel spectrum consists of a total of 4078262 counts while the TAG’s 4096 channel spectrum 
consists of 2456505 counts, which is 60% of the TDG count total. Interestingly, the relative 
peak heights of the two spectra are almost identical. This can be crudely shown by dividing 
all counts in the TAG spectrum from above channel 800 by all counts from channel 0 to 800, 
giving a ratio of 0.592. Then, dividing all counts in the TDG spectrum from above channel 
5000 (which represents roughly the same mass range of the spectrum represented by channel 
800 in the TAG spectrum) by all counts from channel 0 to 5000 gives 0.629. Based on this 
type of analysis using various spectra it was determined early in the study tha t relative peak
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height differences between the TDC and TAG tends to vary less than a few percent. Section 
4.2.2 gives a further demonstration of the similarity in spectra acquired with the TAG, for 
the MeV-SIMS measurements, and a TDG measuring keV-SIMS spectra of the same samples. 
It is anticipated tha t there will be some counting loss due to the dead time of the detector 
[72] but no dead time correction has been applied for any measurements and this effect is 
expected to be low due to the timing system used.
Using a simple model of a linear drift tube with a voltage, Vsampie, applied to the sample 
at one end and a grounded detector at the other end with length, Idet, the following equation 
can be used to estimate the time-of-flight, tfught (in seconds), of a secondary ion with mass, 
m s I'.
(3.3.1) = 7.202 X 10-5 (
V ^sample J
This is a useful equation because it can be used to generate figure 3.3.6, which shows the 
difference in arrival time for secondary ions (differing in mass by only one atomic mass unit), 
accelerated by various sample biases plotted as a function of increasing secondary ion mass.
In the MeV-SIMS linear time-of-flight design employed here the secondary ions experience 
an acceleration along the entire path of the flight tube due to the lack of a field-free region 
between the sample and the MGP detector, which is a consequence of not using an extraction 
grid near the sample surface as is the case in other time-of-fiight systems [73]. As a result, 
the mass calibration was found not to exactly follow the behaviour predicted by equation
3.3.1. This is demonstrated by figure 3.3.7, which shows the measured time-of-fiight (black 
circles) as a function of the expected m /z of a known amino acid sample (see section 4.2.2 
for an example of a spectrum of leucine measured with the MeV-SIMS equipment compared 
with a measurement taken from a well-calibrated keV-SIMS system). The predictions plotted 
as solid lines on the graph in figure 3.3.7 show the expected time-of-fiight of ions based on
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time using both a TAG and TDC.
the measured time-of-fiight for the (red solid line) or the measured time-of-flight of the 
heaviest ion (black solid line). The deviation of the measured values from the predicted
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trends is most likely to be due to distortions in the electric field along the secondary ion 
path as well as any initial kinetic energy variation in the individual secondary ions. The 
calibration of the m /z scale was performed using a quadratic equation by measuring the 
amino acid leucine spectrum and fitting to the m /z =  1, 2, 3, 55, 57, 70, 86 (C 5H12N+), 
132, 263 u [74] characteristic peaks. This gave a reliable calibration for up to a few hundred 
u as long as for subsequent measurements the accelerating potential applied to the sample 
during the calibration measurement was not changed. In one measurement, a more careful 
calibration strategy was adopted to calibrate the m /z scale using the same quadratic fitting 
on subsections of around m /z =  100 u (see figure 4.2.9). In cases where a better calibration 
for higher mass peaks was needed, an angiotensin II peptide sample provided a high mass 
peak at 1046 u. The mass calibration achieved on the LToF system used for MeV-SIMS,
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consistently provided adequate results to allow for direct comparisons to be made between 
the MeV-SIMS spectra and spectra acquired with more state-of-the-art keV-SIMS systems 
(section 4.2.2 provides several examples of these comparisons).
It was also important to determine the mass resolution limitations of the system imposed 
by the MeV-SIMS electronics. The TAG has a time resolution of FWHM 0.01% of full scale 
plus 5 ps for all ranges (note: on the front panel of the TAG module there is a three-position 
rotary switch to select a full scale time interval of 50, 100, or 200 ns between accepted 
START and STOP input signals, with a five position rotary swith to extend the time range 
by a multiplying factor of 1, 10, 100, 1000, or 10000). Figure 3.3.8 is a plot of the time
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resolution limits (in //s per channel), i.e. the time value associated with each channel in the 
ADC, as a function of the time scale setting on the TAC. If the full scale on the TAC is set, 
for example, to 200 /xs the time resolution of the TAC output is about 20 ns, and each of the 
4096 channels in the ADC each channel now represent a time interval of 49 ns. This 49 ns 
is effectively the most limiting factor to the mass resolution of the detection system. Other 
factors depend on the influence of the sample bias and beam pulsing.
The mass resolution limitation imposed by the use of the TAC and ADC can be deter­
mined if it is assumed that at least one channel in the ADC is needed to separate two masses 
that differ from each other by one mass unit. A horizontal line drawn across figure 3.3.6 at 
the height of the time scale set equal to the time width of the channel derived from figure 
3.3.8 intersects with a curve drawn for a given applied voltage to the sample stage, giving
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the mass resolution limit for these settings. With the full scale set on the TAC to 200 /is 
(a typical running condition), the ADC channels each correspond to 49 ns and if the sample 
bias is 2 kV there will be a limit of about 530 for the mass resolution. Decreasing the sample 
bias to 1 kV increases the mass resolution to above 1000. Lengthening the flight tube, as 
indicated by equation 3.3.1, also has an effect on the mass resolution limit. This approach 
assumes that there is minimal spread in the secondary ions due to their initial kinetic energy 
distribution. The use of a reflectron will reduce this spread [66] but this comes at the cost 
of a reduced throughput to the detector, such that the LToF device was chosen for most 
measurements.
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As well as mass resolution limitations, the quadrupole triplet [65] from Oxford Mi­
crobeams Ltd. also imposes limits on the ion species tha t can be focused to micron lateral 
resolutions. Figure 3.3.9 is a graph showing the various maximum velocity ranges available 
for submicron lateral resolution focusing with the microprobe system installed at the Surrey 
IBC as a function of the primary ion atomic number where the legend indicates the charge 
state of the primary ion (note: this data provided by Dr. M. Merchant of the Surrey IBC). 
This limitation in focusing is due to the primary ion’s magnetic rigidity. Using this graph it 
was determined tha t oxygen ions with kinetic energy up to 10 MeV (charge state of 4+) was 
a good candidate for use on the MeV-SIMS system.
CHAPTER 4 
Experimental Results 8z Discussion
4.1. In tro d u c tio n
This chapter is a presentation of MeV-SIMS experimental results with discussion aimed 
at exploring the more important aspects, as well as the limitations, of this novel technique. 
Towards this goal, the chapter has been divided into two sections to best present the exper­
imental results, these are: “Evaluating MeV-SIMS” (section 4.2) and “Applying MeV-SIMS” 
(section 4.3). Section 4.2 consists of three parts tha t explore the effect of various physical 
parameters in MeV-SIMS experiments (section 4.2.1), a comparison of measurements taken 
using keV- and MeV-SIMS (section 4.2.2), and the concept of simulâtaneously collecting 
SIMS, heavy ion PIXE, and heavy ion RBS data (section 4.2.3). Following this evaluation 
of MeV-SIMS, section 4.3 provides a presentation of specific applications being developed 
for MeV-SIMS. This section is divided into three subsections: “Materials Analysis” (sec­
tion 4.3.1), which consists of studies of the underlying causes of yield enhancement from 
metal-assisted MeV-SIMS (section 4.3.1.1) and of a diesel injector spray hole thought to be 
contaminated with oil or diesel deposits (section 4.3.1.2), which demonstrate complementary 
aspects of MeV-SIMS. This is followed by a study of art and archaeology related materials 
(section 4.3.2) in which the corrosion of silver (section 4.3.2.1) as well as cross-sections of 
paint layers (section 4.3.2 .2) are analysed with MeV-SIMS. The technique is then applied 
to study various forensics problems (section 4.3.3) by analysing documents and fingerprints, 
including the first depth profiling result using MeV-SIMS (section 4.3.3.1), determining the 
deposition order of fingerprints and pen ink on paper with low dose to minimise damage to the
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sample (section 4.3.3.2), and finally, an MeV-SIMS study of cyanoacrylate fumed fingerprints 
on aluminium (section 4.3.3.3).
4.2. E v a lu a tin g  M eV -SIM S
4.2.1. P h y sica l p a ra m e te rs . Specific experiments have been undertaken to assess and 
to optimise the performance of MeV primary ion beams for use in imaging mass spectrometry 
studies. Mass spectra of the amino acid leucine (C6H13NO2, see figure 4.2.7 later in the 
chapter for an example of a leucine spectrum), deposited on a silicon wafer were acquired 
using the LTOF device with a beam of primary ions focused to a 10 /rm spot size
at various primary ion energies ranging from 1 to 10 MeV. The beam current was measured 
before and after each acquisition using the Faraday cup located at the back of the microprobe
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chamber (see figure 3.3.2). The absolute yield (measured as the total detected ions per 
incident ion) for the protonated intact leucine molecule, (M/eucme—H)+ (m/z =  132 u), was 
determined as a function of the primary ion velocity (see figure 4.2.1, data originally published 
in [75]). There appears to be a threshold velocity in the region of 0.2 cm/ns, which is in 
close agreement with the findings of Hakansson et al. [32]. This velocity has been described 
previously as being the threshold velocity for electronic sputtering. There is also a maximum 
value of the secondary ion yield in the 0.6-0.7 cm /ns velocity range. This result agrees with 
a similar measurement made by Albers et al. [35] where it was determined tha t for a 
beam impinging on a target of the amino acid valine (C5H11NO2) the maximum value for 
the yield is achieved at a velocity of about 0 .6-0.8 cm/ns.
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Similar results were also measured using MeV-SI MS on the amino acid arginine ( CqHiqN ^ 0 2 ), 
which has been measured while varying the primary ion velocity as well as the primary ion 
charge state (see figure 4.2.2). The error bars in both the leucine and arginine data have 
been calculated assuming 10% uncertainty in the recorded beam current, 10% uncertainty 
in the pulse width and by applying Poisson counting statistics to the total counts in the 
protonated molecular ion peaks. It should be noted that while this uncertainty does not take 
into account any variation in the data caused by the sample (e.g. positioning, tilt, charging, 
surface roughness or contamination [55]), exact measurement conditions were maintained 
throughout the experiment as much as possible to minimise the influence of these effects.
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The primary ions were found to deliver a maximum yield for both the leucine and arginine 
intact molecules corresponding to a kinetic energy range of around 5 to 6 MeV (or 0.31 to 
0.37 MeV/u).
An earlier study by Nakata et al. [14] using Cu primary ions has shown tha t for an 
arginine MeV-SIMS spectrum there is dependence on fragmentation in electronic sputtering 
on the ratio of the nuclear stopping power to the total stopping power, {ôE)n/{ôE)Totai- To 
explore this dependence figure 4.2.3 has been plotted to show the yield ratios of the fragment 
ion (m/z =  43 u) to the protonated arginine as a function of the primary ion energy for the 
measurements taken to generate figure 4.2.2. This ratio has been plotted together with the 
nuclear stopping power to the total stopping power ratio, {ôE)n/{6 E)Totai, calculated using 
SRIM for an oxygen ion impinging on the polymer poly (methyl methacrylate) (PMMA). 
The fragmentation proportion generated by oxygen with charge states 2+ and 4+ seems to 
follow the predicted trend of decreasing nuclear stopping proportion. It is not clear where 
the deviation from this trend originates in the 3"^ " charge state measurements. It is worth 
noting tha t Nakata et al. [14] did not explore the use of different charge states in their Cu 
measurements.
Beam induced damage was investigated using a 10 MeV beam and a leucine sample 
deposited on top of a silicon wafer. This energy was chosen to assure tha t the majority of 
the energy deposited in the upper monolayers of the sample is through electronic stopping. 
A damage cross section can be determined using the following equation:
(4.2.1) y  =  Y o e x p ( - ^ )
where Y  and Y q are the yields after n  total incident ions and initial yield, respectively, A  
is the sample surface area scanned by the ion beam, and a is the damage cross section. By 
plotting /n ( ^ )  as a function of the total incident ions (see figure 4.2.4, originally published in
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[76]) the damage cross section was calculated using the slope, giving a damage cross section 
value of 1.3 ±  0.4 x 10“^^cm^. Interestingly, especially considering the energy difference, this 
value is in close agreement with that measured by Sichtermann and Benninghoven [77] using 
Ar+ primary ions in the keV energy regime. In section 4.2.2 a comparison of mass spectra 
generated using keV- and MeV-SIMS on various samples is presented. Figure 4.2.5 shows the 
ratio of the fragmentation peaks generated during this measurement (i.e. all counts in the 
peaks with a m /z less than 100) divided by the protonated molecular ion signal for leucine as 
a function of the percentage of surface area damaged assuming each ion leaves 1.3 x 10“ ‘^^ cm^ 
worth of damage on the surface of the sample. There is an apparent rise in the proportion of 
fragmentation as up to 50% of the scanned area is damaged. This is followed by an apparent 
drop in fragmentation proportion and then a plateau region from about 50% to 70% surface 
area damage. The fragmentation ratio eventually decreases with increased damage over 
100% as the previously damaged area is being bombarded. The decrease in fragmentation 
proportion can be interpreted as intact leucine molecules below the surface being exposed by 
sputtered upper layers, which gives an indication tha t depth profiling may be possible using 
MeV-SIMS (this concept is explored in section 4.3.3.1). This effect needs further exploration 
as it is not clear if these changes are the result of statistical fluctuations.
To further assess the effectiveness of MeV oxygen primary ions in imaging mass spectrom­
etry it is useful to use some of the values tha t have been measured. The efficiency, Eejf,  of 
a SIMS measurement can be given as:
(4.2.2) Eeff — —
where Y  is the number of secondary ions measured, and a is the damaged area. It is known 
tha t the oxygen beam is damaging an area of 1.3 ±  0.4 x 10“^^cm^ per impact (a value 
measured for 10 MeV oxygen on leucine) and the optimal absolute yield, Y ,  (measured from
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figure 4.2.1 at 0.65 cm/ns or a 3.5 MeV oxygen primary ion) will be about 1.3 ±  0.3 x 10“'^ . 
Since crater areas scale as the stopping power, % (dE/dx)  [20], for amino acid samples and 
there is a 6% decrease (calculated using SRIM) in the electronic stopping, {dE/dx)e, when 
using a 3.5 MeV oxygen primary ion as opposed to a 10 MeV oxygen primary ion beam, the 
damage cross section can then be scaled to be 1.2 ±  0.4 x lO'^'^cm^ per impact (note: this 
calculation has ignored the nuclear stopping, which contributes only about 0.36% to the total 
stopping for the 3.5 MeV case and about 0.14% to the total stopping for the 10 MeV case). 
These values can be used to determine the area. A d , tha t needs to be damaged to detect N  
secondary ions:
N
(4.2.3) A d =
^ e f f
Therefore, to detect four secondary ions (a number used in past studies for determining 
useful lateral resolutions of keV bismuth clusters and 6 MeV Cu ions [78, 14]) there will be 
3.7 ±  1.4 X 10“^°cm^ of sample area damaged. The useful lateral resolution, A^, for this ion 
beam can be calculated using the following relationship:
(4.2.4) Ai = \[ Â ^
Using equation 4.2.4, it can be determined tha t there will be a useful lateral resolution of 
0.12 ± 0 .1  //m when using a beam of 3.5 MeV oxygen ions for detecting four secondary ions 
of protonated leucine molecules.
4.2.2. A  co m parison  o f n u clear an d  e lec tro n ic  sp u tte r in g . Any measurable simi­
larities between keV- and MeV-SIMS spectra will allow for a direct comparison between the 
two techniques, as well as the sharing of existing databases used for peak determination. 
Several experiments have been undertaken to directly compare MeV-SIMS measurements to
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keV-SIMS measurements using a variety of samples and primary ions. The results of this 
investigation are presented in this section.
Figure 4.2.6 compares two normalised spectra of cholesterol measured using 25 keV Big 
cluster ions and 5 MeV primary ions. The keV-SIMS data are provided by an lonToF 
GmbH Tof.SIMS^ device located in the University of Surrey Surface Analysis Laboratory. 
Both spectra have been normalised by the total counts in each individual spectrum and 
appear to have similar peak groups but with widely differing proportions. This is investigated 
in more detail in the spectra presented in figure 4.2.7, here two leucine spectra (normalised to 
the peak representing the intact protonated leucine molecule) measured using both 10 MeV 
primary ions with the RTOF mass spectrometer and 25 keV Big ions with the lonToF 
mass spectrometer [76]. Both spectra have been measured within the static-SIMS limit,
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keeping dose below 10^ ® ions m"  ^ [58]. Apart from differences in mass resolution mainly due 
to larger pulse widths in the MeV switching system, the two leucine spectra are remarkably 
similar when comparing the main normalised peak groups. It is important to note tha t the 
keV spectra have been collected and calibrated by the lon-Spec (version 4.1) software and 
it remains unclear what data processing (if any) has been applied to the keV spectrum as 
this is proprietary information. The MeV spectra are presented in their raw state without 
subtracting background.
To best compare the leucine spectra taken with these completely different mass analysis 
systems a strategy was developed to eliminate systematic differences. Each spectrum was 
first normalised by summing the counts contained within the (Mieucine+H)+ peak group (mass
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range of m /z =  129 to 141 u, such a large mass range was selected as it was recognised that 
there was poor mass resolution on the MeV-SIMS LToF spectrum and this mass range seemed 
to encompass the entire contribution from the protonated molecular ion peak at m /z =  132 
u). Peak groups were then selected with masses below 129 u and above 141 u and the areas 
of each group were normalised with the (Mieudne~H)+ peak group. By taking ratios in this 
way it is expected that any systematic differences between these two mass spectrometry 
systems should mostly cancel. These differences are likely to be due to differences in sample 
positioning, tilt, charging and detector efficiency. The tilt of the sample can be problematic 
for this comparison as it is known that the curved trajectories caused by even a few degrees of 
tilt in the sample can distort the relative intensity of the measured ions [55]. It was assumed 
for these measurements that the optimal tilt was achieved. The normalised peak group areas
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across the two measurement systems were then compared (figure 4.2.8). Uncertainties in 
figure 4.2.8 have been calculated using the Poisson (counting) statistics and do not account for 
any other sources of measurement error. The primary ion doses delivered using both systems 
were kept well below the static limit to minimise effects from beam damage. Generally 
speaking, there is less fragmentation of the leucine molecule generated by the MeV primary 
ion beam, accounting for less than half when all peaks below 127 u are compared across the 
nuclear and electronic sputtering regimes. The peak group corresponding to sodium has the 
same intensity for the two desorption methods relative to the leucine peak group, but all 
other peak group intensities fall below this value. The peak in the mass range of m /z =  180 
to 194 u is nearly 1.35 times more intense for the MeV spectrum, and the high mass peak 
group between m /z =  141 to 440 u is around 3.4 times more intense. It should be noted 
tha t this relative peak height comparison is only representative of the particular doses used
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to collect both spectra. These relative peak group differences are expected to be strongly 
influenced by the dose chosen as was demontrated in flgure 4.2.5 as damage and redeposition 
on the sample start to interfere with the pristine sample’s surface.
Figure 4.2.9 shows the high mass range for keV- and MeV-SIMS leucine spectra plotted 
on a logarithmic scale. Background signal, thought to be due to large molecules fragmenting 
in the flight tube (a consequence of the higher pressures used in the MeV-SIMS high vacuum 
chamber), and poor mass resolution become a greater issue in the MeV-SIMS spectrum for 
these higher masses. This complicates the comparison between the two techniques in this 
mass range; regardless, there is evidence in the MeV-SIMS spectrum of clusters representing 
up to flve leucine molecules.
The larger molecule, angiotensin II (Asp-Arg-Val-Tyr-Ile- His-Pro-Phe), a class of peptide, 
was also measured using Bi+, Big+, Big+, and Ceo"^  primary ions accelerated to kinetic 
energies of 10 keV for the Ceo clusters and 25 keV for the Bi ions with the lonToF device. The 
angiotensin II was purchased from Peptide Institute Inc. and is known to have a molecular 
weight of 1046.2 u. To prepare the sample a volume of 10 fil of angiotensin II aqueous 
solution (25 fig I  id) was cast on a clean Si substrate. The keV beams were scanned over an 
area of 100 x  100 iiird with a cycle time of 150 ils for a duration of 30 s and PI dose of 
1.87 X 10^ ions/cm^ for all primary ions except Bi+, which had a PI dose of 3.11 x  10® 
ions/cm^. The data presented in flgure 4.2.10 has a compression factor of ten applied. 
MeV-SIMS measurements were performed by the Kyoto Group using a collimated 6 MeV 
primary ion beam of ®®Cu ions (velocity of 0.43 cm/ns) and a linear mass spectrometer [14] 
using an unknown dose and at the Surrey Ion Beam Centre using a 3 MeV primary
ion beam with the LToF device using a dose of about 5 x  10^  ^ ions/cm^. Figure 4.2.10 shows 
all measured spectra normalised to the most intense peak (m/z =  73 u). Table 1 shows tha t 
the absolute protonated angiotensin II molecular ion yield is at least 100 times higher for a 
6 MeV Cu^+ measurement when compared to measurements made using 30 keV Bi J  and C ^  
primary ions and about ten times higher for the 3 MeV 0®+ measurement.
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F igure  4.2.8. Peak group area comparison (an explanation for this graph is 
given in the text) for the MeV and keV spectra for leucine. The labels above 
the columns indicate the m /z range of the peak group.
In the negative ion mode the secondary ion yield was enhanced by using 6 MeV Cu'^^ 
(Note: no 0^+ measurement was taken in negative polarity mode). In this case, the yield 
obtained with Ceo"^  is an order of magnitude less than the yield in positive ion mode [79]; in 
contrast to the Ceo^ result, the 6 MeV Cu^+ induced yield of deprotonated ions remains one 
quarter of the yield of protonated ions.
Arginine spectra were also compared using keV and MeV primary ion beams. The proto­
nated arginine peak, observed at m /z = 175.1 u, is seen in figure 4.2.11 for a SIMS spectrum 
generated using 5 MeV Cl'^+primary ions (velocity of 0.52 cm/ns) using the LToF system. This 
spectrum is compared on the same figure to the SIMS spectrum obtained using 25 keV Big+.
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F igure  4.2.9. Comparing keV- (red) and MeV-SIMS (black) leucine spectra 
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peaks made up of multiple leucine molecular ions.
Primary Ion Positive Secondary Ion Yield, Y (m/z 1047)
30 keV Bi+ 2 x 1 0 - '
30 keV Bi3+ 4 X 10-5
30 keV Ceo^ 7 x 1 0 -5
3 MeV 0^+ 1 XlO-4
6 MeV Cu^+ 8 x 1 0 -3
Primary Ion Negative Secondary Ion Yield, Y (m/z 1045)
30 keV Bi+ 5 x l Q - '
30 keV Bi3+ 2 x 1 0 -5
30 keV C60+ 5 x 1 0 -6
6 MeV Cu4+ 2 x 1 0 -3
Table 1. Secondary ion yield comparison of several primary ions for proto­
nated angiotensin II (m/z =  1047 u) and deprotonated angiotensin II (m/z = 
1045 u) (originally published in |79] with the oxygen result added for this 
section).
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F ig u r e  4.2.10. Comparing Angiotensin II spectra measured with keV cluster- 
SIMS or MeV monomer primary ions.
The arginine spectra for both keV- and MeV-SIMS are strikingly similar. Wakamatsu et al. 
[80] in collaboration with the Surrey group used arginine and distearoyl-phosphatidylcholine 
(DSPC, CuH&sNOsP,  m /z =  789.6 u), to compare keV- and MeV-SIMS. The DSPC was 
prepared as thin films using a DSPC chloroform solution spin-coated on a silicon wafer at 
5000 rpm for 30 s; the arginine aqueous solution was spin-coated on a washed silicon wafer 
at 5000 rpm for 60 s. SIMS measurements using 25 keV Big^ were performed by using 
the lonToF device at the University of Surrey (all measurements were performed by Dr. S. 
Hinder). The MeV-SIMS measurements for this study using 6 MeV Cu^+ (velocity of 0.43 
cm/ns) were performed by the Kyoto Group. For these measurements, the secondary ions 
were analyzed with an orthogonal ToF mass spectrometer introduced into a quadrupole ion 
guide and focused with a radio frequency (RF) voltage applied. In the ion guide, the ions 
were cooled by collisions with helium. The sample was kept in low vacuum (103 Pa) with
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Secondary ion Secondary ion yield25 keV Bi3+ 6 MeV Cu^+ 5 MeV CP+
Arginine 4- (m/z =  175.1) 
PC headgroup -f H+ (m/z =  184.1) 
DSPC +  H+ (m/z =  790.6)
5.9 X 10-3 1.4 X 10r% 1.35 x 10-5 
6.3 X 10-3 5.4 X 10-2 
2.1 X 10-5 8.9 X 10-3
Table  2. Comparison of secondary ion yield for protonated arginine (m /z =  
175.1 u), protonated phosphocholine headgroup (m/z — 184.1 u), and proto­
nated DSPC (m /z =  790.6 u) for different primary ions (published in [80]).
an orifice connecting the sample and the ion guide sections ]80]. The yield measured with 25 
keV Big^ primary ions was 5.9 x 10“3, the yield for the 5 MeV Cl^+ shown in figure 4.2.11 was 
1.35 X 10-5, and the yield with 6  MeV Cu‘^ + primary ions was reported by the Kyoto group 
to be 1.4 X 10-^, which is 2.4 times higher than the keV result. Table 2 summarises the yield 
results obtained by Surrey and by Wakamatsu et al [80]. It is suspected tha t the low yield 
result obtained from the MeV chlorine primary ion is a result of the primary ion velocity 
falling below what might be optimal for electronic sputtering yield, which is expected to be 
around 1.0 cm /ns (see figure 2.3.2). This unexpectedly low secondary ion yield result, which 
is about an order of magnitude lower than the highest yields measured using oxygen primary 
ions (see figure 4.2.2), could also indicate tha t the sample positioning or the secondary ion 
efficiency was not optimised (e.g. a possible result of sample charging or poor extraction) for 
this measurement.
4 .2 .3 . S im u ltaneous SIM S, P IX E  &: R B S: find ing  synerg ies. A plethora of tech­
niques are made available by using small accelerators to generate MeV kinetic energy primary 
ion beams. Ion beam analysis (IBA) researchers can choose from a number of sensitive analy­
sis techniques using broad beams, microbeams, and even nanobeams, which can be performed 
inside or outside of a vacuum chamber. In the past, the identification and quantification of 
metal bound in organic material, such as proteins, has been successfully studied using one 
popular IBA technique, PIXE, with a focused beam of 2.5 MeV protons [81]. Experimental 
results have also indicated that trace element analysis using ion induced X-ray emission with
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F igure  4.2.11. Comparing arginine spectra measured with 25 keV bismuth 
or 5 MeV 01'^+ primary ions (normalised to molecular ion peak of arginine).
ions heavier than protons or alpha particles can, in certain ion/target combinations, offer 
advantageous results [82, 83]. Jeynes et al. [63] have recently pointed to the importance 
of finding synergies using what they describe as “Total IBA” or the optimisation and use of 
complementary IBA techniques. Total IBA has already produced accurate analysis for appli­
cations in Alzheimer’s disease (mapping STIM /PIXE/BS), biomedical surfaces (PIXE/BS), 
and amino-functionalised gate oxides (RBS/ERD) (see [63] for a full listing of the references 
for these studies). Combining heavy ion PIXE with MeV-SIMS and other IBA techniques 
can offer certain advantages in understanding, for example, the structural biology of complex 
molecular systems. This section explores synergies found in the simultaneous measurement 
of MeV-SIMS, heavy ion PIXE, and heavy ion backscattering spectrometry data.
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F igure  4.2.12. A demonstration of two-dimensional mapping (1.25 mm x 
1.25 mm scan) using MeV-SIMS (total ion), RBS (total backscattered), and 
PIXE (Fe Ka  and Mn Ka).
In an earlier publication of the Surrey MeV-SIMS results [75] it was postulated tha t quan­
tification of a SIMS measurement may be made less problematic by using MeV primary ions 
since X-rays induced by the impinging heavy primary ion, as well as the backscattering of 
the heavy ion, measured with PIXE and RBS detectors, respectively, are measured simul­
taneously with the SIMS spectrum. Because the secondary ion efficiency in SIMS can be 
heavily influenced by changes in the electronic state on a sample’s surface [84], which is not 
the case for PIXE or RBS, a simultaneous measurement of the elemental distribution during 
the MeV-SIMS measurement offers valuable insight of the conditions at or near to the sam­
ple’s surface. An early example of a simultaneous PIXE, RBS, and MeV-SIMS measurement
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F igure  4.2.13. Simultaneous PIXE, RBS and MeV-SIMS of a Ta grid on tape.
taken of a metal grid placed on top of a sample of carbon tape can be seen in figure 4.2.12. 
This figure is the first known example of a simultaneous PIXE, RBS, and SIMS measurement 
performed in an imaging mode. This set of two-dimensional maps (taken over a 1200 x 1200 
scan area) demonstrates how the topography, electronic state and charging of the sample 
can distort the SIMS image (a known issue in keV-SIMS [61]). Data collected using heavy 
ion PIXE and RBS images are not susceptible to these same effects. Similarly, figure 4.2.13 
shows a collection of maps of a simultaneous measurement made of a metal (Ta) grid placed 
on top of two-sided carbon tape taken with 10 MeV primary ions of ^^0^+ raster scanned 
over the sample. For this measurement a continuous beam was scanned to collect the heavy 
ion PIXE and RBS spectra. To measure the MeV-SIMS spectrum the primary ion beam was 
pulsed to a width of about 30 ns with a frequency of 5 kHz.
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Figure 4.2.14 presents a graph showing the relative secondary ion yields for the MeV-SIMS 
measurements of the protonated molecular arginine signal measured using oxygen primary 
ions, as well as the relative production cross-sections values for silicon K a  X-rays all plotted 
as a function of the primary ion velocity with the charge state of the primary ion written to 
the right of the data point. As mentioned earlier in this chapter, the arginine was prepared 
as an aqueous solution spin-coated on a washed silicon wafer at 5000 rpm for 60 s. The area 
of the silicon X-rays for each spectrum was determined by summing the total counts in the 
peak but no peak fitting or background subtraction was attem pted due to the lack of heavy 
ion PIXE cross sections and the fact that these values are only being compared in a relative 
manner. The error bars for the MeV-SIMS data have been calculated using the method 
decribed earlier in the chapter and the PIXE data error bars have been calculated using 
counting statistics only. Figure 4.2.14 illustrates tha t tuning the primary ion velocity can 
optimise either the heavy ion PIXE or the MeV-SIMS sensitivity. For the case of MeV oxygen 
primary ions impinging on an arginine sample a simultaneous heavy ion PIXE and MeV-SIMS 
measurement will provide the most sensitive overall result for a primary ion velocity of around
0.7 cm/ns. There is also some dependence on the charge state of the primary ion, especially 
in the case of the X-ray production cross section.
To further investigate this type of simultaneous measurement figure 4.2.15 displays a set 
of molecular distribution maps generated from an MeV-SIMS measurement of the protonated 
arginine molecular ions as well as heavy ion PIXE maps corresponding to the intensity distri­
bution of Au-M, Si-K, and Cl-K X-rays acquired using 5 MeV Cl' '^  ^ primary ions. The sample 
in this case was a silicon substrate coated with a layer of arginine of unknown thickness and 
then coated with 50 nm of gold in a grid on top of the arginine. The X-ray spectrum mea­
sured for this map is shown in figure 4.2.16 with the peaks from Si, Au and Cl indicated. It 
is clear tha t the bombarding Cl ions are contributing heavily to the measured X-ray signal. 
This aspect of heavy ions for PIXE analysis must always be taken into consideration because
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peak overlap may be an issue in the X-ray spectrum when the bombarding ion emits its char­
acteristic X-ray. It is for this reason that lighter ions, such as oxygen, may be more useful 
in MeV-SIMS studies as the Si(Li) detector will not normally measure X-rays for elements 
lighter than around Na. Figure 4.2.17 presents two MeV-SIMS spectra corresponding to the 
sections of the map in figure 4.2.15 of high Au-M X-ray intensity and to high Si-K X-ray 
intensity. This measurement of Au on arginine on a silicon substrate is a good example of 
the use of synergy in MeV-SIMS.
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F igure  4.2.15. Images of simultaneous MeV-SIMS (m/z = 175 u (protonated 
molecular arginine), m /z — 70 u (arginine fragmentation ion), and m /z =  73 
u (surface contamination ion)), and heavy ion PIXE (Si K-lines, Au M-lines, 
and Cl K-lines) of arginine on a silicon substrate coated with 50 nm of gold 
generated using 5 MeV CR+ primary ions.
It is known that the presence of metal near the surface can have a profound influence on 
the secondary ion yield in SIMS. This phenomenon as well as other applications for MeV-SIMS 
will be explored in detail in the next section.
4.3. Applying MeV-SIMS
4.3.1. Materials Analysis.
4.3.1.1. Metal-assisted MeV-SIMS.  It has been written that metal-assisted (MetA-) SIMS,
i.e. the practice of condensing a thin layer of metal on the surface prior to the SIMS mea­
surement, uses gold and silver nanoparticles as the “Philosopher’s Stones” to turn complex 
solid mixtures into their quintessential fractions, the cationised molecules |8]. Noble metal
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F igure  4.2.16. Heavy ion PIXE spectrum of arginine on a silicon substrate 
coated with 50 nm of gold (Note: the total dose for this measurement =  1.1 x 
10^  ^ ions/cm^).
clusters for nanoparticles naturally form at the surface of most organic and polymeric solids 
in the first stage of the physical vapour deposition process because of the imbalance between 
forces binding metal atoms and those binding them to the organic surface. Over the past 
five years, MetA-SIMS has been demonstrated as a way to enhance ionization of molecules 
departing the surface for a wide range of samples, including low- and high-molecular weight 
polymers, polymer additives, peptides, pharmaceuticals, organic dyes and paints [8] almost 
exclusively in keV-SIMS studies. Improving the yield of molecular secondary ions remains a 
challenge in secondary ion mass spectrometry. Because a complete physical understanding 
for how this MetA-SIMS enhancement works has not yet fully materialized this section aims 
to explore the effect of metallization on polymers by measuring differences in secondary ion 
enhancement when bombarding the sample with primary ions with both keV and MeV kinetic
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F ig u r e  4.2.17. MeV-SIMS spectra of the amino acid arginine on a silicon 
substrate coated with gold. The red spectrum shows counts taken from the 
coated area, the black spectrum is from the uncoated area (total dose for this 
measurement was less than 5.2 x 10  ^ ions/cm^).
energies. It has been demonstrated in past studies using nuclear and electronic sputtering 
on pristine polymer samples that similar chemical information can be obtained |62]. This is 
the first MetA-SIMS experiment performed using MeV projectile bombardment with ultra 
thin gold deposition and the results presented in this section allow for a better interpretation 
of the origins of the MetA-SIMS enhancement as they allow for a clear interpretation of the 
involvement of electronic stopping in the MetA-SIMS enhancement.
Past studies have not only reported on the enhancement effect of MetA-SIMS using keV 
projectiles [8 , 9, 85, 86] but have also shown it using MALDI |87| when measuring various 
organic materials and polymers. The MALDI study used laser ionization with Au metal yield 
enhancement to show that An coverage has an influence over the laser desorption/ionization
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mechanism. More specifically, it was demonstrated that thin coverages of 0.5 nm of An induce 
a large increase in characteristic ions for PS and Irganox samples. The authors of this MALDI 
study speculate tha t this enhancement was likely due to an increase in the work function of 
the organic materials upon metallisation, which acts to reduce the probability of a positively 
charged ion near the organic surface being neutralised by an electron. It should be noted tha t 
at the end of the paper the authors acknowledge the need to perform these measurements in 
a negative polarity mode to confirm tha t the work function change was responsible for the 
enhancement. For Au thicknesses between 2 to 8 nm on PS in the MALDI study there was 
little work function variation measured but an enhancement change was still detected, which 
implies a different explanation. Organic ion yield increases induced by the gold overlayer of 
6 to 8 nm were explained by the authors as being due to a combination of increased laser 
absorption and increased ionization probability followed by a decrease at higher coverage due 
to the increased coverage of the polymer by Au. While offering some insight into the cause 
of the enhancement the MALDI study leaves some unanswered questions.
The polymer samples prepared for the MeV-SIMS experiments were polystyrene (PS, 
(CgHg)'^, MW =  2000 Da, monomer mass =  104 Da) and poly(methyl methacrylate) (PMMA, 
(C5H2 0 g)^; MW =  2000 Da, monomer mass =  100 Da). The PS and PMMA were dissolved 
in toluene [88] with a concentration of 20 mg/ml. These solutions were spin coated on a 
cleaned silicon wafer with a speed of 4000 rpm, acceleration of 15000 rpm /s and for a time 
of 80 s. The thickness of these samples has been measured using ellipsometry and found to 
be around 45 nm. This thickness is above the thickness known to show an observed effect 
of the substrate in keV or MeV-SIMS [46, 89]. The samples were then metalized with gold 
using an evaporator placed in a glove box for thickness ranging from 0.5 to 15 nm full layer 
equivalent. The thickness of the gold condensate was determined using a quartz crystal 
microbalance, assuming the same sticking coefficient of one for the polymer and the quartz 
plate. The relative Au thickness was further verified using simultaneous heavy ion PIXE and 
RBS during the MeV-SIMS measurements for various primary ion energies.
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The keV-SIMS measurements were performed using a PHI-EVANS Time-of-Flight SIMS 
(TRIFT 1) (collected by Prof. A. Delcorte’s research group, PCPM, Université Catholique 
de Louvain). A 12 keV Ga+ beam was obtained using a FEI-83-2 liquid metal ion source 
(about 1 nA dc 5 kHz, 22 ns pulse width bunched down to 1 ns). To maximize the intensities, 
the secondary ions were post accelerated by a high voltage (7 kV) in front of the detector. 
All MeV-SIMS measurements were performed on the microprobe ion beam line at the Surrey 
Ion Beam Centre using a primary ion beam of oxygen at energies and charge states of 3 
MeV Q3+, 4 MeV 0^+, 5 MeV 0^+ and 6 MeV 0^+. MeV-SIMS, heavy ion PIXE and RBS 
measurements were simultaneously taken of each sample with the arrangement outlined in 
the previous chapter. Figure 4.3.1 presents a collection of spectra acquired using the keV 
and MeV primary ions for both polymer samples. Characteristic PS spectra are known [90] 
to be composed of a series of unsaturated and aromatic fragments (C 2H2"^ , C4H3+, CeHs'*', 
C7H7+ (tropylium cation), CgH7+, C9H7+, corresponding to peaks at m /z =  26, 51, 77, 
91, 103, 115 u, respectively). Previous static-SIMS measurements using 10 keV argon ions 
have shown tha t the PS spectrum has not only a dominant tropylium cation peak at m /z 
=  91 u but also has heavier peaks at m /z =  115, 128, 165, and 178 u, which correspond to 
molecules consisting of complex linked cyclic arrangements tha t are thought to be produced 
from a high energy fragmentation cascade, either as recombination events or the end result 
of a decay process for a molecule originally with excess internal energy [91]. The PMMA 
spectra [88] consist of CH3+, C2H5+, C3H5+, C4H7+ or C3H3O+, C3H7O+ or C2H3O2+, 
C5H9+ or C4H5O+, CsH902^, corresponding to peaks at m /z =  15, 29, 41, 55, 59, 69, 101 u, 
respectively. Characteristic fragments observed with keV-SIMS can also be seen in both the 
PS and PMMA MeV-SIMS spectra. Unlike with keV-SIMS [8], there was little formation of 
higher molecular mass fragments and cationized molecules in MeV-SIMS.
As mentioned above, heavy ion PIXE and RBS spectra were used to evaluate the relative 
quantity of Au condensed on the polymer using primary ion energies of 3, 5 and 6 MeV. The 
spectra were acquired during the SIMS measurements. Figure 4.3.2 presents a graph of the
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F igure  4.3.1. Representative spectra obtained for both PS (top two) and 
PMMA (bottom two) samples with 15 keV Ga+ and 6 MeV 0^+ with peaks 
used for yield enhancement comparison indicated on the spectrum.
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F i g u r e  4.3.2. The ratio of the measured Au-M to Si-K X-ray intensities for 
different primary ion energies and effective thicknesses.
ratio of the PIXE Au M-Iine to Si K-Iine X-ray intensity as a function of the gold equivalent 
thickness on PS and PMMA for various primary ion energies. The ratio is strongly dependent 
on the primary ion energy (a lower energy measures a larger proportion of Au on the surface), 
and also linearly dependent on the Au thickness. This data was used to validate the fact 
that the correct Au thickness had been applied to the sample by the evaporator and helped 
eliminate from the study samples that were labelled with Au thicknesses that deviated greatly 
from the expected linear trend. This is demonstrated in figure 4.3.3 for the 6 MeV PS data 
points with red circles around three points (two at 2 nm and one at 10 nm) tha t clearly 
deviated from the linear trend and resulted in the samples being rejected from this study.
Figure 4.3.4 is a graph of a selection of spectra obtained of the PS samples using 5 
MeV 0'^+ primary ions at various Au thicknesses. Suspected surface contamination peaks
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F i g u r e  4.3.3. The ratio of the measured Au-M to Si-K X-ray intensities for 
6 MeV oxygen showing the three points that deviated significantly from the 
linear trend (two at 2 nm and one at 10 nm) in the red circles.
are present in these spectra (thought to be due to the pressence of polydimethylsiloxane 
(PDMS surface contamination)), regardless of the thickness of the Au coverage. PDMS 
surface contmination shows peaks in keV-SIMS (in positive polarity mode) at m /z =  28 (Si), 
43 (CHsSi), 73 (SiCsHg), 133, 147 (C^HisOSig), 207 (CsHisOsSig), 221 (CTHgiOsSig), and 
281 (C7H2i04Si4) [92].
Figures 4.3.5 & 4.3.6 consist of a set of spectra that show the evolution of the PS spectrum 
with Au metal coverage under 5 MeV 0"^+ bombardment. Figure 4.3.5 shows the spectra 
generated from PS coated with Au thicknesses ranging from 0 to 3 nm, a region for which 
there is PS yield enhancement. Figure 4.3.6 shows the PS spectra for Au thicknesses of 6 , 8 , 
and 15 nm, which are the thicknesses for which there is a yield suppression (compared to 0 
nm Au) of the PS signal. These spectra also show the relative change of the PDMS surface
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contamination signal to PS, which is plotted in figure 4.3.7 for two primary ion energies. 
For the case of the 4 MeV O^"*" and 5 MeV 0^+ measurements on PS, as the tropylium 
ion peak decreases in intensity in the yield suppression region the m /z =  73 u (SiCgHg) 
PDMS surface contamination peak dominates. This indicates that signal is coming from 
surface contamination presumably sitting on the Au overlayer, while the signal from the PS, 
presumably covered by the Au, is reducing. W ith Au thickness less than 5 nm the PDMS:PS 
ratio remains nearly the same and for thicker Au layers the PS signal reduces suggesting that 
the Au coverage above 5 nm is inhibiting the sputtering of subsurface PS ions.
The overall variation of the measured secondary ion yield of selected characteristic ions 
(for PS, m /z =  77, 91, 105; and for PMMA, m /z =  55, 59, 69) with gold thickness under
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F igure  4.3.5. Spectra obtained of the PS sample using 5 MeV 0 “^+ for various 
Au thicknesses ranging from 0 to 3 nm (a yield enhancement region). Each 
spectrum has been normalised by the total primary ion counts.
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F ig u r e  4 .3 .6 . Spectra obtained for PS using 5 MeV for various Au thick­
nesses ranging from 6 nm to 15 nm (yield suppression region). Each spectrum 
normalised by the total primary ion counts.
keV and MeV bombardment is markedly different. Under keV bombardment, the measured 
yield increases with gold equivalent thickness and reaches a maximum at 8 nm for PS and 15 
nm for PMMA, as is shown in figures 4.3.8 & 4.3.11, respectively. It was found tha t under 
MeV ion bombardment (see figures 4.3.9, 4.3.10 & 4.3.12), the characteristic polymer signal 
is enhanced with Au coverage only up to 3 nm. The enhancement then drops above this Au 
thickness and the yield then becomes suppressed with even thicker Au coverage.
For all MeV primary ion energies (see figures 4.3.13 & 4.3.14), there was a similar yield 
enhancement pattern with Au coverage. The MeV-SIMS signal was consistently enhanced 
in the case of PMMA and PS with only thin Au coatings, this was followed by a yield 
suppression with thicker (above 3 nm) Au coverage. The measured absolute yields and the 
enhancement factors due to Au coverage vary with the primary ion kinetic energy. This result
4.3. APPLYING MEV-SIMS 80
3.5
• 5 MeV 04+
• 4 MeV 03+
_  3.0
CO
II
jy 2.5 
E
?  20 
E
o
g
Q% 0.5 
0_
0.0
60 2 4 8 10 12 14 16
Au thickness (nm)
F ig u r e  4 .3 .7 . The ratio of the intensity of the m /z =  91 (PS under the Au) 
signal divided by the intensity of the m /z =  73 (PDMS surface contamination) 
signal using 4 MeV and 5 MeV O'^+for various Au thicknesses.
is not easily explained using simple physical models. One explanation may arise an earlier 
discussion in this chapter (see figure 4.2.3). It is known in MeV-SIMS that the amount of 
fragmentation induced follows a dependence on the ratio of the nuclear stopping power to 
the total stopping power, {ôE)n/{ôE)Totai- For oxygen impinging on PS the {SE )n/{SE)Total 
ratios are (calculated using SRIM) 4.07 x 10“ ,^ 2.97 x 10~ ,^ 2.39 x 10“ ,^ 2.03 x 10“ ,^ for 
oxygen energies of 3 MeV, 4 MeV, 5 MeV, and 6 MeV, respectively. For oxygen impinging 
on PMMA the {SE)n/{SE)Totai ratios are 3.89 x 10“ ,^ 1.19 x 10“ ,^ 2.26 x 10“ ,^ 1.95 x 10“ ,^ 
for oxygen energies of 3 MeV, 4 MeV, 5 MeV, and 6 MeV, respectively. The variation in 
fragmentation due to varying nuclear stopping proportion might explain some of the variation 
in absolute yield seen with the different primary ion energies. Because the PMMA peaks 
being considered for this study are of lower mass than the PS peaks it is reasonable to
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F i g u r e  4.3.8. The keV-SIMS yield results for PS.
assume that the 3 MeV primary ion should give a greater relative enhancement due to its 
higher degree of nuclear stopping than the other energies in the PMMA. The opposite effect 
can then be expected for the heavier PS peaks. This is why the 6 MeV primary ions show 
the highest relative enhancement for PS. There is, however, another possible explanation. 
There is no charge compensation in the MeV-SIMS chamber and this is a known issue for 
repeatability in performing SIMS on insulating samples [55]. Moreover, for the case of thin 
Au equivalent thicknesses it is known that evaporated metal on a sample’s surface can aid 
in eliminating sample charging [86], thus improving secondary ion yield. This might explain 
the yield enhancement for thin Au coverage and also explains the variation of enhancement 
factor with primary ion energy.
Past studies investigating this enhancement effect have used the argument tha t any ad­
sorbed gold particles in the polymer should influence the surface potential, thereby modifying
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F i g u r e  4.3.9. The MeV-SIMS result for PS using 3 MeV oxygen.
the work function on the surface. The modification of work function on the surface has been 
offered as an explanation for the immediate increase in yield with thin Au metallisation. To 
test this in the present study, work function measurements were performed on the PS and 
PMMA samples covered with 4 nm of Au using Kelvin probe force microscopy. For these 
measurements, a Pt-coated Si tip has been used and the experimental conditions [87] were 
kept identical throughout. The measurements show that there is a measurable increase in 
the work function when the polymers under investigation are coated with a thin layer of gold. 
Because the increase in work function increases the probability of formation of positive ions 
MeV-SIMS measurements were obtained in both positive and negative mode on the polymers 
using identical samples and geometries for each mode. Figure 4.3.15 presents a graph of the 
relative yield of the total counts in negative polarity spectra collected from PS and PMMA for 
different primary ion energies. This graph clearly demonstrates a similar yield enhancement
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F i g u r e  4.3.10. The MeV-SIMS result for PS using 5 MeV oxygen.
trend, that appears to be independent of polarity, which would only be expected if the yield 
enhancement was not being influenced by a change in the work function near the surface.
All of the above findings suggest that there are at least two distinct regions of Au coverage 
for MetA-MeV-SlMS, these are; 1) a yield enhancement region at thin Au layers (below 3 
nm), the origin of which remains unclear and needs testing on a system that does not suffer 
from sample charging (see the next chapter), but can best be explained as being due to a 
reduction in charging effects and not a change in the work function as has been suggested 
in past studies of MetA-SlMS; and, 2) above the thin coverage region (> 3 nm), a yield 
suppression region most likely to be a result of Au preventing polymer escaping from the 
polymer surface.
Interestingly, unlike the MeV-SlMS case the measured secondary ion yield as a function 
of the gold thickness for keV-SlMS can be divided into three regions. In region 1, spectra
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F i g u r e  4.3.11. The keV-SIMS yield results for PMMA (Note: figure 4.3.12’s 
legend provides the masses).
collected from Au metallised samples show that both the keV- and MeV-SIMS signals corre­
sponding to the fingerprint fragments of PS and PMMA are enhanced for Au coatings below 
a thickness of 3 nm. In this range of thickness the gold forms small clusters on the top 
of the sample with less than half of the surface being covered with gold (determined with 
SEM). The increase in yield seen in region I is best explained as a reduction in charging at 
the surface due to the presence of Au. A slow increase in measured secondary ion intensity 
in region II was only observed for keV projectiles. This region shows a steep decrease in 
the measured secondary ion intensity when using MeV projectiles. This result indicates that 
the yield enhancement observed in region II for keV projectiles is best explained as being 
the result of increased nuclear stopping near the surface. Finally, in region III for the keV
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F igure  4.3.12. The MeV-SIMS result for PMMA using 6 MeV oxygen.
projectiles the steep decrease in the measured secondary ion yield, over 8 nm of Au for PS 
and 15 nm for PMMA, is explained by the surface being completely covered by Au.
In summary, this section has shown that there are at least two processes responsible 
for MetA-SIMS enhancement: 1) a yield enhancement region seen in both the electronic 
and nuclear sputtering, corresponding to thin Au layers, as indicated by the increased work 
function of the material that is most likely due to a reduction of sample charging effects on 
the surface; and, 2) an ionization enhancement region only detected with keV ions, which is 
the result of increased nuclear stopping in the surface of the sample (the nuclear stopping 
enhancement region).
4.3.1.2. Diesel injector spray hole. This section presents the result of using MeV-SIMS 
to measure the tip of a diesel injector nozzle with the intention of comparing the spectrum 
to diesel and oil reference samples. The aim of this work is to test the effectiveness of using
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F i g u r e  4.3.13. The relative yield results for PS (m/z =  77 — 91 — 105) 
normalized for various primary ion energies using an oxygen beam.
MeV-SIMS to analyse the injector nozzle in determining what might be causing blockage after 
many hours of running the diesel engine. FIXE and RBS measurements were performed on 
the injector and maps of a spray hole were acquired using 3 MeV protons (see figures 4.3.16 
& 4.3.17). Figure 4.3.17 shows three RBS spectra of regions surrounding the spray hole with 
a simulation (generated using OMDAQ) of the spectrum using C, O and Fe provided to show 
how the elements contribute to the spectrum. Region 3 is an area of thin C of around 2 
/zm, whereas regions 1 and 2 have as much as around 15 /zm deposited on the surface of 
the injector. These measurements give an indication of the distribution of elements on and 
around the spray hole but do not provide molecular information, which is needed to discern 
between the presence of diesel and oil deposits on the injector.
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F i g u r e  4.3.14. The yield results for both PMMA (m/z =  55 — 59 -h 69) 
normalized for various primary ion energies using an oxygen beam.
MeV-SIMS measurements were taken of the injector using a focused 4 MeV beam 
with the sample in the high vacuum microprobe chamber. The heavy primary ions were 
pulsed to a width of 30 ns at a frequency of 5 kHz. The spot size was 10 {im and the current 
(before pulsing) was 15 pA.
Two reference samples of oil and diesel (containing 350 ppm sulphur) were prepared on 
two separate fused silica slides. These slides, along with a third identical pristine slide were 
pre-rinsed with isopropanol and allowed to dry. The pristine slide was used as a measure of 
the contamination present on the slide. Figure 4.3.18 compares the normalised (i.e. divided 
by the total number of counts in the spectrum) background subtracted diesel and oil spectra. 
As can be seen in the spectrum, diesel and oil share similar fragmentation peaks. The diesel 
spectrum differs from the oil spectrum in three main peaks: 1) the Na peak (m /z =  22.99 u);
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for PMMA and PS at 3 and 4 MeV primary ion energies.
2) the silicone (Si(CH3)3+) peak (m/z = 73.043 u); and, 3) the CO(C6H4)COOH+ peak (m/z 
=  149.020 u). The latter two peaks have been shown in previous keV-SIMS studies to be 
characteristic secondary ions of diesel particles collected from an exhaust nozzle [93, 94]. The 
Na signal may be due to contamination and was measured on the pristine slide. The presence 
of the C0 (C6H4)C0 0 H+ peak could indicate that the sample had been contaminated by 
Di-iso octyl phthalates (DOP), which are commonly used plasticisers in industrial plastics 
[55]. This was dismissed as a possibility due to the lack of higher mass peaks, i.e. m /z  = 
261, 279 and 391 u, that can confirm the presence of a phthalate.
The MeV-SIMS spectrum was also measured from the tip of the diesel injector nozzle. 
Figure 4.3.19 presents the result of comparing the normalised diesel, oil, and injector nozzle 
spectra (background spectrum subtracted). There is an absence of the characteristic diesel
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F igure  4.3.16. Elemental distribution maps of Fe, Cr, Mn, S, P, Ca, and Zn 
generated using 3 MeV protons to induce PIXE.
peaks in the injector nozzle measurement. The oil peaks are almost entirely matched with
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F i g u r e  4.3.17. RBS spectra of three regions generated using 3 MeV protons 
taken around the spray hole indicating the contribution from Fe (pink), C 
(green) and 0  (blue). The map on the left shows the distribution of C.
the injector nozzle peaks. This indicates that only oil is deposited on the surface of the 
injector nozzle.
4 .3.2. A r t an d  archeology.
4.3.2.1. A study of the corrosion of silver by fingerprints. For silver on exhibition in a 
museum one of the greatest sources of disfigurement is from fingerprints formed by sweat
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F i g u r e  4.3.18. Comparing the normalised and background subtracted MeV- 
SIMS spectra taken of the oil (black) and diesel (red) reference samples.
from a human fingertip [95]. This sweat can corrode many polished metal surfaces and 
consists of salts of light metals, traces of heavy metals, and organic compounds, such as 
fatty acids and urea, in solution with water. The combination of chlorides and fatty acids 
are the source of the corrosion. This section presents a study of the use of MeV-SIMS to 
investigate the corrosion of silver by fingerprints. The results were originally published in 
[96], where MeV-SIMS was one of a suite of techniques, including optical metallography and 
high resolution scanning microscopy used to characterize and monitor the fingerprints on 
silver in an attem pt to determine the evolution of fingerprints and conclusively demonstrate 
the nature of the damage caused.
The experiments were carried out on both a fresh fingerprint on fine silver and 18 month 
old fingerprints on fine and sterling silver. The samples consisted of rectangular coupons
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F igure 4.3.19. Comparing the normalised (to total counts) MeV-SIMS spec­
tra  taken of the oil (black), diesel (red), and injector (green) samples.
(20 X 10 mm^) cut from fine (99.9%) and sterling (92.5% silver, 7.5% copper), hot mounted 
in a carbon-filled thermosetting phenolic resin, ground on successive grades of silicon carbide 
paper from P600 to P4000, then polished with 6 , 1 and 0.25 iim  diamond paste. In December 
2007, a thumbprint was placed on each coupon then half the samples were left in an open tray 
in a regularly used office and the rest placed in a well sealed box. The samples were monitored 
periodically using optical and infra-red (IR) microscopy and non-contact surface profiling. 
The surface contamination was then cleaned in such a way that the corrosion products were 
removed without obscuring the damage (Cheel et al. [96] gives a detailed description of the 
cleaning procedure).
A 10 MeV beam was focused to a diameter of about 2 firn with the beam scanned
across the sample over an area of 500 x 500 /im^. The mass spectrum of the fresh fingerprint
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F i g u r e  4.3.20. Distribution maps for species at m /z =  59, 108, 116 and above 
m /z =  125 u (labelled “Organi”) (Originally published in [96]).
on fine silver measured strong peaks at masses of 23, 59, 71, 77, 108, 116, 123 and a band from 
125 u upwards. MeV-SIMS distribution maps at 59, 108, 116 and 125 u upwards are shown 
in figure 4.3.20. The map for 108 u is thought to correspond to corroded silver and shows 
that even after only 12 hours silver has entered a particulate structure on the surface. The 
map also demonstrates how silver ions are not desorbed from the conductive silver substrate 
as a heavy ion PIXE map demonstrated a uniform distribution of silver across the entire 
map. The silver distribution measured in figure 4.3.20 is strongly associated with a peak at 
59 u. Cheel et al. [96] contend that this peak most likely corresponds to sodium chloride 
(NaCl). While it is reasonable to see the formation of NaCl crystals on the surface after a few 
hours, especially after the sample has been placed in a vacuum, it should be noted tha t the 
presence of NaCD induced by electronic sputtering in a PDMS spectrum has been observed
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by another group when studying metal traces in aerosol samples [97]. The group of peaks 
above 125 u gives a complementary distribution to tha t of the corroded silver, and comprises 
a number of organic species. Other distinct peaks also correspond to organic compounds but 
have a rather different distribution, as mapped for the peak at 116 u. Some of these peaks 
are believed to correspond to short chain fatty acids so that the map may depict the lipid 
component of the fingerprint. Cheel et al. [96] were able to conclude using the results from 
the observations from optical microscopy for sterling silver, and MeV-SlMS for fine silver, 
tha t corrosion reactions can effectively start with the placing of the fingerprint.
4.3.2.2. MeV-SIMS on a Croatian painting cross section. This section presents results of 
using MeV-SlMS to map the elemental and molecular compositions of layers of paint pigment 
and binders in paintings of Croatian painters from the beginning of the 20th century. Several 
reference materials known to be used in art, consisting of copal (resin), linseed oil, nut oil, 
tutkalo (glue), and paraffin wax were also measured for comparison purposes.
The primary ion beam employed for this study was 4 MeV ^^0^+ with a current of 100 
pA (before pulsing). The beam was pulsed to a width of 30 ns at a frequency of 5 kHz. 
The vacuum chamber, which is an octagonal target chamber from Oxford Microbeams Ltd. 
operated at high vacuum conditions held below around 1 x 10“® mbar, integrated with a 
linear mass analyzer (LToF) to collect, analyse, and detect the secondary ions desorbed by 
the MeV primary ions. All MeV measurements were made in positive polarity mode.
Reference samples of Croatian tutkalo (glue), paraffin, copal (resin), linseed oil, and nut oil 
were applied to silicon wafers that had been rinsed with isoproponal and allowed to dry inside 
of a laminar flow cabinet. A sample (sample 12800) consisting of a cross section of layered 
paint embedded in resin was also measured for comparison to the reference material. Using 
the pulsed 4 MeV beam all reference samples were analysed and an MeV-SIMS image 
was produced of the layered paint sample. Figure 4.3.21 shows all normalised MeV-SIMS 
spectra collected for this study. The sample 12800 spectrum consists of a total ion spectrum 
from the entire scanned region. Figure 4.3.22 shows the distribution of various MeV-SIMS
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F i g u r e  4.3.21. Normalised tutkalo, paraffin, copal, linseed oil, nut oil, and 
sample 12800 (with PDMS surface contamination peak at m /z =  147 u indi­
cated).
species measured of sample 12800. For most spectra in figure 4.3.21 there is evidence of the 
presence of polydimethylsiloxane (PDMS) surface contamination. As was mentioned earlier 
in this chapter, PDMS has peaks in keV-SIMS in positive polarity mode at m /z =  28 (Si), 43 
(CHaSi), 73 (SiCaHg), 133, 147 (CsHisOSig), 207 (CsHisOgSia), 221(C7H2i0 3 Si2), and 281 u 
(C7H2i04Si4) [92].
It is known that linseed oil has fatty acid peaks measured in keV-SIMS for positive polarity 
mode at m /z =  239 (palmitic acid, C 15H31CO+), m /z = 261 (linolenic acid, C 17H29CO+), 
m /z =  263 (linoleic acid, C 1 7 H 3 1 C O + ) ,  m /z =  265 (oleic acid, C 1 7 H 3 3 C O + ) ,  and m /z =  267 
u (stearic acid, C i7H3ôC0 ^) [98]. These peaks are all present in the MeV-SIMS linseed oil 
spectrum. Figure 4.3.23 shows the normalised spectra of the most similar peak grouping in 
this fatty acid region (linseed oil, copal (resin), and sample 12800).
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F i g u r e  4.3.22. Sample 12800 molecular maps generated by MeV-SIMS for: 
a) fragmentation peaks m /z =  22 to 77 u; b) peak m /z =  147 u (representing 
PDMS contamination); c) peak group m /z =  185 to 195 u; d) peak m /z =  239 
u (palmitic acid); and e) peak group m /z =  260 to 267 u (various fatty acids).
A further comparison of the reference spectra to Sample 12800 was performed using 
multivariate analysis (MVA) [99]. The normalised spectra were analysed with the PyChem 
3.0.5g Beta MVA software. Principal component analysis was performed once each spectrum 
had been normalised to the highest bin intensity and after applying a correlation matrix to 
mean centre the data while using non-iterative partial least squares (NIPALS). The result
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F igure  4.3.23. Normalised copal, linseed oil, and sample 12800 spectra with 
areas showing PDMS surface contamination peaks and various fatty acid peaks 
(numbered from regions 1 to 5).
of this analysis can be seen in figure 4.3.24. Copal (resin) seems to be the most correlated 
spectrum with the sample 12800 spectrum. Some grouping can also be seen between the 
linseed oil, paraffin wax, and nut oil spectra.
Figures 4.3.25 demonstrates three maps generated using the heavy ion PIXE X-rays 
showing the distribution of Si, S and Ca on sample 12800.
When comparing the MeV-SIMS spectrum taken of Sample 12800 to the spectra taken 
of the reference samples some correlation was seen using multivariate analysis. Copal (resin) 
and sample 12800 may show similarities because sample 12800 was embedded in resin prior 
to measurement, adding a possible source of contamination. Figure 4.3.22c, which is a map
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F igure  4.3.25. Sample 12800 heavy ion PIXE X-ray distribution maps for 
the elements Si, S, and Ca.
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sample are shown.
of the distribution of the fatty acid peaks found in region 3 on figure 4.3.23 seems to indicate 
that the surface is contaminated by showing a mostly uniform distribution of resin. To 
investigate this idea that the surface of Sample 12800 has been contaminated with resin the 
Copal (resin) reference spectrum and Sample 12800 spectrum were normalised to the intensity 
in the PDMS peak at m /z =  147. The normalised Copal (resin) spectrum was then subtracted 
from the normalised Sample 12800 spectrum (see figure 4.3.26). The only peak tha t appears 
to be unique to sample 12800 and does not come from the PDMS surface contamination or 
the resin can be found at m /z = 23 u, which is believed to correspond to Na. The maps in 
figure 4.3.26 show the result of mapping for both Si, which is an indicator of PDMS, and the 
m /z =  23 u peak unique to Sample 12800. The m /z =  23 u peak has a different distribution
4.3. APPLYING MEV-SIMS 100
than the PDMS across the sample. Interestingly, the Si distribution seen in figure 4,3.26 is 
different from the Si X-ray distribution measured and shown in figure 4.3.25. This seems to 
indicate tha t our sample was contaminated with either PDMS surface contamination, resin, 
or both. Although this may be an unfortunate result for determining the true nature of 
Sample 12800, this study demonstrates the versatile capabilities of MeV-SIMS.
4.3.3. Forensics A pp lica tions . There is now a rich evidence base in the published 
literature of forensic analysis methods, including [100]: detection of explosives at nanogram 
levels; chemical composition of counterfeit pharmaceutical tablets, detection of drugs of abuse 
from biological liquids such as urine and plasma; breath analysis of metabolites; and imaging 
analysis for document verification and fingerprint identification. MeV-SIMS has a promising 
future in the field of forensics because of its imaging capabilities, limited damage (i.e. non­
marking in cases of low dose), complementarity with ion beam analysis techniques, and the 
potential for performing measurements with the sample at fully ambient pressure (see chapter 
5 for a description of developments in ambient pressure MeV-SIMS). It is for these reasons 
tha t MeV-SIMS has recently been investigated as part of the first analytical intercomparison 
of fingerprint residue using equivalent samples of latent fingerprint residue characterised by a 
suite of techniques (this work has been published in [101]). The results, though preliminary 
due to the limitations offered by the linear ToF device used on the microprobe beam line, 
have already successfully shown tha t MeV-SIMS can image fingerprint ridge detail on samples 
tha t were challenging for other leading mass spectrometry techniques. More development of 
the technique, however, is needed to test the breadth and scope of its analytical capabili­
ties. The following sections present the results of experiments using MeV-SIMS on various 
forensics applications, including: the depth profiling of fingerprints and ink (section 4.3.3.1); 
determining the deposition order of pen ink and fingerprints on paper (section 4.3.3.2); and, 
comparing keV- and MeV-SIMS measurements of cyanoacrylate fumed fingerprints (section 
4.3.3.3).
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4.3.3.1. Document and fingerprint analysis with MeV-SIMS: depth profiling fingerprints 
and ink signals. When a fingerprint is found on a document it is sometimes im portant for 
forensic analysts to determine whether the fingerprint was applied before or after ink on 
the document. This section presents the results of a depth profiling study using MeV-SIMS 
(results originally published in [102]). For this study, a focused beam of 10 MeV 0^+ generated 
a secondary ion signal from doped fingerprints and inks on paper. The molecular images and 
the sputtering behaviour of the samples was found to be indicative of the sequence of ink 
and fingerprint deposits. The importance of investigating whether MeV-SIMS can determine 
this sequence of events is mainly due to the potential of MeV-SIMS being used as an ambient 
pressure ionisation source, thus avoiding the introduction of the document to a vacuum 
chamber. It is not currently well understood whether volatile elements in the fingerprint 
are vaporized in the vacuum chamber or whether the vacuum affects the absorption of the 
fingerprint or ink into the paper. As well, there is currently no method available to forensic 
analysts to determine whether a fingerprint found on a document was deposited before or 
after the ink.
As described by Bailey et al. [102], fingerprint development reagents, such as ninhydrin or 
DFO [103], are currently used by forensic analysts to give a 2D image of light/dark contrast, 
but offer no depth information. Attempts have been made to image fingerprints using DESI 
[104] and MALDI [105]. keV-SIMS can be used to depth profile organic molecules, with 
depth resolutions of tens of nanometres [1], but requires at least high-vacuum conditions. 
MeV-SIMS offers an alternative option for acquiring spatial resolved mass spectrometry data 
without the need for vacuum (see section 5.2) and its depth profiling capabilities need to be 
assessed.
To prepare the samples, sebaceous-loaded fingerprints were created by rubbing the fore­
finger across the nose and chin several times. Doped fingerprints were created by rubbing 
moisturiser (Nivea Rice and Lotus Body Moisturiser, Beiersdorf UK Ltd.) into the finger­
tips and applying touch pressure to the substrate. Doped and undoped fingerprints were
4.3. APPLYING MEV-SIMS 102
4: *
F ig u r e  4 .3 .27. Images of (a) doped and (b) undoped fingerprint ridges on 
silicon (composite image of nine 500 x 500 /zm  ^ scans) using MeV-SIMS and 
(c) by keV-SIMS (using 5 x 5  mm^ scans) (figure originally published in [102]).
deposited on pure silicon wafers. Fingerprints were also deposited on paper (Report Pro­
fessional Copier paper, from Suzano, Brazil) directly on top of a grid drawn in pen (TDK 
CD / DVD label marker). Fingerprints were also deposited on blank paper, and then a grid 
was drawn over the top using the same marker pen, roughly 5 minutes after deposition. 
MeV-SIMS was carried out using a 10 MeV 0^+ beam focused to 10 /zm in the high vacuum 
microprobe chamber. Spectra were obtained by pulsing the beam with 150 ns pulses with a 
frequency of 5 kHz with a beam current of 100 pA (before pulsing).
In figure 4.3.27, total ion images of doped and undoped fingerprint ridges on Si obtained 
by MeV-SIMS and keV-SIMS are presented. Figure 4.3.27b shows that it is possible to obtain 
an image of a fingerprint on Si without any doping. The sensitivity to the fingerprint appears 
to be higher when the fingerprint is doped, as is shown in figure 4.3.27a. Mass spectra from a 
blank sheet of paper, an undoped fingerprint on a Si wafer, and the TDK marker pen obtained 
by MeV-SIMS are presented in figure 4.3.28. Despite the relatively poor mass resolution of 
the spectra in figure 4.3.28 (a result of the large pulse widths used for this analysis), it is still 
clear that the fingerprint and ink residues have distinguishable mass spectra from each other 
and from the paper. More specifically, the peak at around m /z =  23 u, likely to be Na+, is 
representative of a signal that is most abundant in the paper. The peak at around m /z =  39
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F i g u r e  4.3.28. Three spectra comparing pen ink (blue), paper (pink), and 
fingerprint with hand lotion (green) all normalized to the m /z =  65 u peak with 
two molecular maps (inset) showing a sample where the fingerprint is on top 
of the pen ink (left) and sample where the ink is drawn on top of the fingerprint 
(right).
u, possibly K+, is found almost exclusively in the fingerprint, and the peak at around m /z 
=  453 u is found exclusively in the ink. On this basis it is possible to obtain spatial maps of 
the paper, fingerprint and pen ink signals as shown in the insets of figure 4.3.28, which shows 
overlaid maps from two samples. The ink is depicted in blue, with the fingerprint in green 
and the paper in pink. Fingerprint and paper signals that are detected in the same pixel are 
represented in yellow and fingerprint and ink signals that are detected in the same pixel are 
represented in light blue. In the region where the fingerprint and ink signals overlap, it is 
clear that fingerprint does not completely cover the ink.
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D ata from the same inset map from figure 4.3.28 (on left) is shown in more detail in figure 
4.3.29. Figure 4.3.29 shows four molecular maps of the same measurement of a sample of a 
fingerprint on top of pen ink on paper. The m /z =  23 u signal appears to represent an area 
of paper with no ink or fingerprint. The m /z =  39 u signal (top left in figure 4.3.29) gives the 
fingerprint ridges. The m /z =  73 u signal is mainly made up of fragments from the pen ink 
and paper and can be seen as being the negative image of the fingerprint. The m /z =  453 
u signal clearly shows where the pen ink lies underneath the fingerprint. The overlaid inset 
map in figure 4.3.28 (on right) shows tha t when the pen ink is deposited after the fingerprint 
the ink signal totally obscures the fingerprint signal. Therefore, the different spatial maps 
obtained here are indicative of the sequencing of ink and fingerprint residues.
An attem pt was made to “depth profile” the fingerprint and ink signals using MeV-SIMS. 
Depth profiling by keV-SIMS “dynamic SIMS” is widely used and for molecular imaging often 
uses a Ceo"^  source to repeatedly sputter material from the target, bringing buried material 
to the surface. For MeV-SIMS, depth profiling has not been developed and it is expected tha t 
because the ion track extends far into the sample, depth information will be limited. Figure 
4.3.30 and 4.3.31 show how the fingerprint and ink signals vary as a function of the primary 
ion dose for the overlap region of the sample with the fingerprint or pen at the surface. In 
the case where the fingerprint is on top of the ink there is clear attenuation of the fingerprint 
signal, while the ink signal increases, consistent with the fingerprint being sputtered away to 
reveal the ink underneath. Conversely, where the fingerprint is buried under the ink (figure 
4.3.31), the fingerprint signal increases, while there is some attenuation in the ink signal 
This demonstrates that the sequence of a doped fingerprint and ink entry can be deter­
mined using MeV-SIMS over a large dose range. The spatial maps were indicative of the 
fingerprint masking the ink or vice versa, depending on the order of deposition. The sputter­
ing behaviour of the sample as a function of time is also characteristic of the fingerprint/ink 
sequence.
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F igure  4.3.29. Various molecular maps of a doped fingerprint on top of pen 
ink on paper with a diagram (below) showing the pen (red) and fingerprint 
ridge (blue dashed) profiles.
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F igure  4.3.30. Comparing the count rate of the fingerprint and pen ink sig­
nals as a function of the dose with fingerprint on top of pen ink.
These results have important implications for future research into MeV-SIMS. Forensics 
experts have a need to develop covert methods for examining different combinations of fin­
gerprints, pen, and paper and they would prefer not to put these documents in vacuum with 
the dose controlled to limit damage to the evidence. As will be shown in section 5.2, the same 
measurements shown in this section can eventually be performed in fully ambient pressure 
using MeV-SIMS.
4.3.3.2. Determining the order of deposition pen inks on paper using a linescan protocol 
with MeV-SIMS. Using imaging techniques alone it is difficult to determine the deposition 
sequence of the ink and fingerprint. The depth profiling technique outlined in the previous 
section may require doses that could leave visible damage. Using keV-SIMS [106], a protocol 
has recently been developed to determine the order from the normalised standard deviation
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F igure  4.3.31. Comparing the count rate of the fingerprint and pen ink sig­
nals as a function of the dose with pen ink on top of hngerprint.
of a line scan along an ink line. This section explores the effectiveness of this protocol on 
MeV-SIMS generated molecular images to assess the order of deposition of two substances 
while keeping the dose on the sample relatively low.
Figures 4.3.32 & 4.3.33 show MeV-SIMS spectra (inset at top) of two different pen inks 
on paper with individual maps showing the distribution of these inks and the paper. This set 
of meaurements is a visual demonstration of a challenging problem encountered by analysts 
trying to determine the order of deposition of two substances (i.e. undoped fingerprint and 
ink) on the surface of paper. The following procedure, originally developed using an lON-TOF 
GmbH (Münster, Germany) TOF.SIMS.5 instrument with a 25 keV Big^ primary ion beam 
[106], was also used to prepare samples for this study: I) hngerprint donors were asked to 
wash their hands thoroughly with soap and water (to keep exogenous species detected to a
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minimum) and to carry out their normal activities (typically desk-bound) for 1 h to produce 
eccrine secretions on the fingertips; 2) they were told not to eat but could consume water; 3) 
to deposit fingerprints on the substrate the donor was told to use a medium touch pressure 
and to hold contact with the substrate for around half a second (i.e. a quick touch); 4) 
straight lines were drawn onto the paper (either before or after a fingerprint was deposited) 
using a Black Steadtler Stic 300M, where paper substrate was Discovery Nonstop Print Eco- 
Efficiency Paper (75 g-m^). Line scans along the ink lines were performed to assess how the 
intensity of the molecules associated with the ink change on and off the fingerprint ridge. 
The intensity of each point in the line scan was calculated using the weighted sum of the four 
surrounding pixels at the corresponding point in the image. The intensity of the linescan 
was seen to be of a sinusoidal nature and varied in intensity in a way tha t depends on the 
deposition order of the fingerprint and ink. Bright et al. [106] argued tha t the standard 
deviation of the line scan data could be used as an indicator of the sequence of fingerprint 
and ink. To account for systematic error, the standard deviation was normalised to the 
root-mean-square (rms) of the line scan data. It was found in the keV-SIMS case th a t for 
a range of samples tested if the normalised standard deviation was greater than 23 the 
fingerprint could be considered to be on top and if the value was less than 23 it was not 
possible to tell the order (if the fingerprint is not deposited very well it does not mask the 
ink and consequently behaves similarly to being under the ink line).
The MeV-SIMS images in figure 4.3.34 are from a print deposited over (A) and under 
(B) a pen ink on paper and have been both collected with a dose of less than 10® ions/cm^ 
with no visible damage left on the sample. The images are shown for the molecular signal 
representing (i) the ink, (ii) the paper and (iii) the fingerprint. Linescans taken along the 
pen lines give a normalised standard deviation of 25 for sample A and 17 for sample B, which 
is in agreement with the keV-SIMS protocol [106].
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F igure  4.3.32. MeV-SIMS spectra of black ink, red ink, and paper.
4.3.3.3. Cyanoacrylate fumed fingerprints imaging with MeV-SIMS. Cyanoacrylate fumed 
fingerprints deposited on aluminium foil were studied using MeV-SIMS. This work was per­
formed in parallel with a study conducted by Nick Bright of the University of Surrey for his 
PhD dissertation. Because the cyanoacrylate fuming produces discontinuous ridges on the 
fingerprint being treated, identification can be difficult. MeV-SIMS was used for this study 
to attem pt to see extra ridge detail in areas where the cyanoacrylate was not polymerised.
A fingerprint deposited on aluminium foil that had been fumed with cyanoacrylate was 
analysed using a 4 MeV primary ion beam. The beam was focused to a spot size of 3
/xm and scanned over an area of 1 x 1 mm^. The resulting secondary ion spectrum (positive 
mode) is shown in figure 4.3.35 and is compared to a spectrum measured by N. Bright with 
the keV-SIMS instrument (each spectrum has been normalised by the total counts in the 
respective spectrum).
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F igure  4.3.33. MeV-SIMS of molecular maps showing the distribution of 
black ink, red ink, and paper for the case of black ink on top of red ink and for 
red ink on top of black ink. A picture of the sample is included in the centre 
with scanned areas highlighted with dotted squares.
Clearly, the keV and MeV spectra are similar in their peak structure. By raster scanning 
the continuous primary ion beam over the sample (done after the SIMS analysis to reduce 
chemical damage) additional information in the form of a heavy ion FIXE image of the distri­
bution of aluminium across the sample was generated. The MeV-SIMS maps corresponding 
to Na (m/z =  22.99 u) and K (m/z =  38.97 u) indicate the location of fingerprint ridges, 
as does the map corresponding to the m /z =  39.02 u peak. There was some discrepancy 
between what was seen in the analysis as the (m/z = 40.96 u) showed clear ridge detail 
for keV-SIMS but this ridge detail in the MeV-SIMS measurement was not seen. A1 X-rays 
excited from the sample originate from the A1 foil and experience a loss in intensity due 
to transmission through any molecules deposited on the surface. It was verified tha t the
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F igure  4.3.34. MeV-SIMS images of a fingerprint deposited over (A) and 
under (B) an ink line has been drawn using a pen. The images are shown for 
the (i) the ink, (ii) the paper and (iii) the fingerprint.
distribution of the m /z =  38.97 u secondary ions across the surface correspond to the areas 
of greater X-ray loss.
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F igure  4.3.35. ToF-SIMS positive ion spectra from a section of a cyanoacry­
late fumed fingerprint taken using keV primary ions (red), and MeV primary 
ions taken over the entire area scanned (black) on aluminium foil.
CHAPTER 5 
Conclusions & Outlook for MeV-SIMS
5.1. Conclusions
MeV-SIMS has been successfully implemented on a microprobe beam line using swift, 
heavy primary ions to induce electronic sputtering for imaging time-of-flight secondary ion 
mass spectrometry studies. As has been shown in section 4.2 the choice of primary ion 
species as well as velocity can have im portant implications on the secondary ion yield of the 
MeV-SIMS measurement. The influence of the primary ion velocity as well as charge state 
on the absolute yield of the intact protonated molecular ions for amino acid samples was 
demonstrated in section 4.2.1 by flgures 4.2.1 and 4.2.2, indicating th a t electronic stopping 
(see flgure 1.1.1) influences secondary ion yield. Using oxygen primary ions it was also deter­
mined tha t the maximum value of the secondary ion yield can be found in the 0 .6-0 .7 cm /ns 
velocity range for leucine and the similar range of about 0.5-0.6 cm /ns for arginine molecular 
ions. The threshold for electronic sputtering was found to be at around 0.2 cm /ns, which is 
near to the value of the Bohr velocity. Figure 4.2.3 presented the result tha t fragmentation 
proportion of the arginine measurements depend on the proportion of electronic to nuclear 
stopping power. In this case, it was also noticed tha t the charge state of the primary ion at 
a given velocity can affect the proportion of fragmentation.
The damage cross section for a 10 MeV beam on a leucine sample measured to be
1.3 ±  0.4 X lO'^'^cm^. Scaling the damage cross section with the stopping power of the less 
energetic 3.5 MeV ^^0^+ beam, which gave an absolute yield of 1.3 ± 0 .3  x 10“  ^ of molecular 
ions on a leucine sample, a useful lateral resolution of 0.12 ±  0.1 /rm was obtained. This 
indicated that the light oxygen beam can be useful for imaging at submicron resolutions.
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Later in section 4.2.2, while comparing the yields from electronic and nuclear stopping it 
was demonstrated that even heavier ions than oxygen can be used to image larger molecular 
species with comparable useful lateral resolutions (this has also been shown in [14] using 6 
MeV Cu ions). Using the fact that the crater area left by the primary ion scales roughly 
as the stopping power, and assuming tha t more efficient mass spectrometers than the one 
used in this study exist, useful lateral resolutions in MeV-SIMS are very competitive with 
published results [78] using keV bismuth clusters.
Measurements were performed comparing keV- and MeV-SIMS results (see section 4.2.2). 
Cholesterol spectra measured using 5 MeV CU+ and 25 keV BiJ (figure 4.2.6) as well as leucine 
spectra measured by 10 MeV primary ions and 25 keV B iJ ions showed similar peak
groups in different relative yields. These relative yields were studied in detail in the case of the 
leucine where it was determined that the MeV-SIMS spectrum generated less fragmentation 
than the keV-SIMS spectrum. For the higher mass region of the leucine spectra (see figure 
4.2.9) both keV- and MeV-SIMS measured peaks representing clusters made of up to four or 
five leucine molecules, respectively. This gave a strong indication tha t desorption induced by 
MeV ions can be a relatively soft process. Later in this same section, the spectra of a larger 
molecule, angiotensin II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe), was measured with ToF-SIMS 
using Bi+, Big+, Bis+, and Geo'*’ primary ions (accelerated to kinetic energies of 10 keV for the 
Ceo clusters and 25 keV for the Bi ions), a 6 MeV primary ion beam of ®^Cu ions and a 4 MeV 
1603+ primary ion beam. The absolute yields measured for each ion used were presented in 
table 1, showing tha t both MeV ion species provided higher yields with the highest absolute 
yield orders of magnitude higher than obtained with keV ions in both positive and negative 
polarity modes. Other samples (i.e. arginine and distearoyl-phosphatidylcholine) measured 
with 25 keV Big"'", 6 MeV Cu"^ "*", and 5 MeV CU"*" showed a similar trend for absolute yield 
in the case of the 6 MeV Cu primary ion (see table 2). In the case of 5 MeV Cl^"  ^ primary 
ions, which has a velocity of about 0.52 cm/ns, the absolute yield was found to be about two 
orders of magnitude less than that of the 25 keV Big+ measurement. This chlorine yield value
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is expected to increase with higher primary ion velocities (as is indicated by figure 2.3,2). 
Such a low yield result, which is about an order of magnitude lower than the highest yields 
measured using oxygen primary ions (see figure 4.2.2), could also indicate tha t the sample 
positioning or the secondary ion efficiency was not optimised due to sample charging or poor 
extraction for this measurement.
Section 4.2.3 introduced the concept of simultaneously collecting SIMS, heavy ion PIXE, 
and heavy ion RBS spectra. This was illustrated by using distribution maps of simultaneously 
collected SIMS, PIXE, and RBS data of metal grids placed over two-sided tape, shown in 
figures 4.2.12 and 4.2.13. The sensitivity of the combined heavy ion PIXE and MeV-SIMS 
measurements using oxygen primary ions at various energies was demonstrated in figure 
4.2.14. Depending on the charge state of the primary ion the sensitivity of a combined heavy 
ion PIXE and MeV-SIMS measurement of the silicon substrate X-ray signal (for PIXE) and 
protonated arginine molecular ion (for MeV-SIMS) was optimised at a primary ion velocity 
of about 0.7 cm/ns.
Imaging using this complementary MeV-SIMS and heavy ion PIXE approach was demon­
strated on a sample of arginine on a silicon substrate where the arginine was coated with 
a grid of 50 nm of gold. The measurement was made using a 5 MeV Cl^ "'" primary ion 
beam. Molecular distribution maps generated from the MeV-SIMS measurement of proto­
nated arginine molecular ions as well as heavy ion PIXE maps corresponding to the intensity 
distribution of Au-M, Si-K, and Cl-K X-rays provided an example of the depth of information 
obtainable with the technique. The silicon substrate and the gold grid could be measured 
by heavy ion PIXE and the protonated molecular ion arginine signal, in the absence of gold, 
could be measured with MeV-SIMS (see figure 4.2.15).
In section 4.3 various applications for MeV-SIMS were explored. One application (see 
section 4.3.1.1) examined MetA-SIMS yield enhancement on polymer samples (polystyrene 
and poly (methyl methacrylate)) coated with thin layers of gold using keV- and MeV-SIMS. 
Similar spectra of the polymers were measured by keV- and MeV-SIMS. The secondary ion
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yield enhancement as a function of the thin gold coverage thickness behaved differently 
in both energy regimes. It was concluded from these results tha t there are at least two 
processes responsible for MetA-SIMS enhancement: 1) a yield enhancement region seen in 
both the electronic and nuclear sputtering, corresponding to thin Au layers, as indicated by 
the increased work function of the material that is most likely due to a reduction of sample 
charging effects on the surface; and, 2) an ionization enhancement region only detected with 
keV ions, which is the result of increased nuclear stopping in the surface of the sample (the 
nuclear stopping enhancement region).
A diesel injector spray hole was studied in section 4.3.1.2 to determine what, if any, 
contamination was being deposited on or near the surface surrounding the spray hole. The 
study made use of traditional 3 MeV proton PIXE and RBS elemental distribution images 
and 4 MeV 0^^ MeV-SIMS analysis to determine the difference between the diesel and the 
oil on the injector. For the MeV-SIMS study, reference samples of diesel and oil were first 
prepared and analysed. The MeV-SIMS diesel spectrum was found to differ from the oil 
spectrum in three main peaks: 1) the Na peak (m/z =  22.99 u); 2) the silicone (Si(CH3)3+) 
peak (m/z =  73.043 u); and, 3) the CO(C6H4)COOH+ peak (m/z =  149.020 u). It was 
determined using MeV-SIMS tha t only oil was deposited on the injector surface.
Section 4.3.2 introduced art and archaeology related measurements performed using MeV- 
SIMS. In section 4.3.2.1 a study of the corrosive effects of fingerprints on silver was undertaken 
using MeV-SIMS as well as a suite of other techniques. Distribution maps for species at m /z 
=  59, 108, 116 and above 125 u were generated. The map for 108 u was interpreted as corre­
sponding to corroded silver to show that after only 12 hours of a fingerprint being deposited 
silver has entered a particulate structure on the surface. The silver distribution measured 
in figure 4.3.20 is strongly associated with a peak at 59 u. Cheel et al. [96] argued tha t 
this peak most likely corresponds to sodium chloride. Results from the observations from 
optical microscopy for sterling silver and MeV-SIMS for fine silver were used to conclude tha t 
corrosion reactions can effectively start with the placing of the fingerprint.
5.1. CONCLUSIONS 117
Section 4.3.2.2 uses MeV-SIMS to examine a cross section taken from a Croatian painting 
tha t had been embedded in resin to preserve the structure of the sample. A visual inspection 
clearly showed layering of various materials. MeV-SIMS was applied in an effort to determine 
the molecular composition of the layers. Several reference samples of materials commonly 
used in paintings (e.g. resin, linseed oil, nut oil, glue, and paraffin wax) were measured to 
aid in the identification of fatty acid peaks measured from the sample. Heavy ion PIXE 
was also used for this study to demonstrate the possibility that surface contamination was 
influencing the SIMS results. The silicon distribution measured with heavy ion PIXE did 
not match with the silicon distribution measured from MeV-SIMS, indicating tha t PDMS 
surface contamination was masking the painting layers. A strong correlation between the 
unknown sample and the resin spectrum measured from the reference also indicated tha t the 
resin embedding process may have contaminated the surface of the sample.
In section 4.3.3 MeV-SIMS was applied to solving several problems related to the field of 
forensics. Section 4.3.3.1 used MeV-SIMS to monitor the signal from secondary ions known to 
belong to ink and fingerprint in an effort to determine their deposition order on paper. As well 
as molecular distribution maps, the signal intensity averaged over different primary ion doses 
of a 10 MeV 0^+ primary ion beam focused to 10 jim  in the high vacuum chamber gave a clear 
indication of the deposition order for known samples (see figures 4.3.30 and 4.3.31). In section 
4.3.3.2 a linescan investigation was performed on pen ink and fingerprint deposited on paper 
to see if a new protocol being used for keV-SIMS studies could be applied to MeV-SIMS. This 
protocol is useful in tha t it helps limit beam induced damage on the sample. This protocol 
indicated that, although molecular imaging of the pen ink and fingerprint on the paper could 
not conclusively determine the deposition order, the linescan protocol developed by Nick 
Bright [106] was successful (statistically speaking) in determining the deposition order of the 
pen ink and fingerprint.
The forensics investigation concluded with a comparison between the keV- and MeV-SIMS 
measurements of a series of cyanoacrylate fumed fingerprints deposited on aluminium foil.
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A fingerprint deposited on aluminium foil that had been fumed with cyanoacrylate was 
analysed using a 4 MeV ^^0^^ primary ion beam. It was determined tha t MeV-SIMS maps 
corresponding to Na (m/z =  22.99 u) and K (m/z =  38.97 u) gave details of the location of 
fingerprint ridges, as did the map corresponding to the m /z =  39.02 u peak, which agreed 
with keV-SIMS findings. There was, however, some discrepancy between what was seen in the 
keV-SIMS analysis as the (m/z =  40.96 u), which shows clear ridge detail for keV-SIMS, 
did not show this ridge detail in the MeV-SIMS measurement. These results show tha t it is 
possible to use MeV-SIMS to image fingerprint ridge detail in the case where the fingerprint 
has been fumed with cyanoacrylate. This is an important finding since the fuming process 
does not always clearly show ridge detail and MeV-SIMS may be used after the fact. The 
conclusions derived from these measurements are made all that more im portant when one 
considers the possibility of performing MeV-SIMS under fully ambient pressure, which is 
introduced in the next section.
5.2. Outlook For MeV-SIMS: Towards Ambient Pressure SIMS
Researchers striving to perform mass spectrometry analysis on samples tha t do not need 
to be introduced into a vacuum chamber have overcome many challenges in recent years. 
In spite of the difficulties imposed, ambient pressure mass spectrometry (AP-MS) is a field 
tha t already provides sensitive mass spectrometry analysis from surfaces at ambient pressure. 
There are many AP-MS techniques currently available offering various advantages in terms 
of their ease of use, breadth of application, imaging capabilities, ability to analyse liquids 
or gases, the need for high voltages on the sample, and potential for miniaturisation. One 
recent review [100], which addresses the capabilities of AP-MS for forensics use, compared 
the performance of DESI, direct analysis in real time (DART), plasma assisted desorption 
ionisation (PADI) and extractive electrospray ionisation (EESI). Although each technique has 
its own strength, the review highlighted some of the negative aspects of DESI, which could 
not be used to detect molecules strongly bound to a substrate or small volatile molecules.
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information MALDI MS SIMS Ambient MS NanoSIMS MeV SIMS LA-ICP-MS
Spatial
resolution
10 pm > 200 nm for 
organics
> 50 pm. Sub- 
micron In 
development.
50 nm 1pm > 100 pm
Size
molecules
detected
Up to ~ 150 
kDa (large 
proteins)
Up t o - 2 kDa
(small
peptides)
U p to -5 0  
kDa (medium 
proteins)
elemental Up t o - 1 0  
kDa (large 
peptides)
elemental
3D ability To be 
developed
Yes (5 nm
depth
resolution)
Potential to  
be developed
Yes Potential to 
be
developed
Some
Ambient and 
real time
Some (AP- 
MALDI)
% X ✓ X
Portable Benchtop
available
X ✓ X X
Quantitative With Internal 
standards 
but difficult
Relative
quantification
With Internal 
standards
Can be with
isotopic
labelling
Unknown
✓
Table 1. Table comparing some of the leading molecular imaging techniques.
and DART, which could not detect thermally labile molecules. It was also shown tha t 
each of these four popular AP-MS techniques have limited (for the case of DESI) or no 
imaging capabilities, which is unfortunate as very often an understanding of the molecular 
distribution is crucially important. In a recent intercomparison paper published by Spoto 
et al. [54] some of the leading spatially resolved mass spectrometry techniques used for the 
analysis of art and archaeological objects were listed and can be found in table 1 with an 
additional column added for ambient pressure MeV-SIMS. The MeV-SIMS characteristics 
listed in this table (created as part of a report of the Joint lAEA-SPIRIT-Japan Technical 
Meeting on Development and Utilization of MeV-SIMS 21-25 May 2012 Dubrovnik Croatia), 
have been mainly based on results measured in vacuum from this dissertation as well as from 
past studies tha t used heavier primary ions. Clearly, MeV-SIMS has an im portant role to 
play as an AP-MS technique. W ith the right ion species, lens system and mass spectrometer 
a submicron resolution AP-MS technique that can image thermally labile molecules of up 
to tens of kDa is a possibility. Combined with its complementary IBA analysis ability, 
MeV-SIMS has a competitive edge over other AP-MS techniques.
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F igure 5.2.1. TRIM calculations of 10 MeV Cu through S13N4 into air (upper 
left) or He gas (lower left) and of 10 MeV Cl through SigN^ into air (upper 
right) or He gas (lower right) showing the predicted trajectories.
The Kyoto group has already demonstrated with a collimated 6 MeV Cu beam passing 
several cm into a 450 Pa (4.5 mbar) sample chamber that has been flooded with nitrogen 
gas, that a liquid 1-octanol (CgHigO) droplet attached to a silicon surface |57] can be anal­
ysed using a differentially pumped orthogonal mass spectrometer. For this experiment, the 
pressure was kept high enough that the wet droplet remained on the silicon for ten minutes 
before evaporating, thus allowing enough time to acquire a spectrum (taken over an 80 sec­
ond acquisition time). Peaks corresponding to octanol clusters, such as dimmars, trimers and 
tetramers, were seen indicating that the ions originate from the liquid droplet, since there 
are few clusters in the gas phase. Matsuo et al. named this type of analysis “Wet-SIMS” 
because the pressure in the sample chamber is kept above the vapour pressure of water. By 
collimating the primary ion beam during this measurement they neglected to seal the vacuum
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Magnet
M ass Spectrometer
0
F igure  5.2.2. The ambient pressure MeV-SIMS beam line (design and image 
courtesy of Dr. V. Palitsin, Surrey Ion Beam Centre).
system and this created a pressure gradient along the path of the primary ion tha t resulted 
in lower than ambient pressure in the sample chamber as well as the undesirable primary ion 
beam scatter and stopping before the sample chamber. A more ideal setup for this type of 
analysis would be to pass the primary ion beam across a very thin exit window instead of 
through a hole when exiting the vacuum system. This improvement and other modifications 
have been explored at the Surrey Ion Beam Centre and are described below.
Figure 5.2.1 (produced using SRIM/TRIM software [26]) shows that it should be possible 
to extract MeV ions several millimeters out of a vacuum system and into air or helium through 
a thin (100 nm) silicon nitride exit window. These windows are used for atmospheric pressure 
electron microscope systems [107] or for external MeV ion beams with protons or helium 
ions to perform elemental analysis of objects in ambient conditions using conventional IBA 
techniques. Measurements made using these external analysis techniques range from PIXE 
to Particle Induced Gamma-ray Emission (PIGE), RBS, Ion Beam Induced Charge (IBIC) 
and Ion Beam Induced Luminescence (IBIL) [63].
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F igure  5.2.3. External beam assembly for ambient pressure MeV-SIMS show­
ing the main components as well as the direction of the He gas flow through 
the end cone (design and image courtesy of Dr. V. Palitsin, Surrey Ion Beam 
Centre).
Based on a design that uses a thin silicon nitride exit window for the primary ion beam. He 
gas flow across the sample, four X-ray detectors and a differentially pumped orthogonal mass 
spectrometer, the Surrey Ion Beam Centre recently received a generous grant from the En­
gineering and Physical Sciences Research Council, UK (EPSRC Reference: EP/I036516/1). 
This project is an attem pt to apply MeV-SIMS to ambient pressure mass spectrometry at 
the submicron scale. The beam of heavy ions (up to Cu at 10 MeV) will be focused using a 
set of quadrupole magnetic lenses to less than a micron in size. The focused ions will then 
pass out of the vacuum system through a 100 to 200 nm thick silicon nitride window into 
air where it will be able to travel between 0.5-1.0 cm before stopping. Figure 5.2.2 shows 
the arrangement of the components on the ambient pressure MeV-SIMS beam line. Figure
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F igure  5.2.4. A photograph of the modified ambient pressure mass spec­
trometer (Waters Micromass Q-TOF - International Equipment Trading Ltd.) 
being tested at the factory with a plasma torch applied to the inlet of the 
heated capillary.
5.2.3 provides a closer look at the various components that make up the external MeV-SIMS 
assembly, including the four silicon drift detectors, which are placed in the vacuum behind 
the silicon nitride window, and the cones that allow He gas to fiow against the sample and 
into the inlet of the heated capillary leading to the mass spectrometer. The gas fiow will carry 
the secondary ions produced by the primary ions on the sample into the mass spectrometer. 
The mass spectrometer is a modified Waters Micromass Q-TOF - International Equipment 
Trading Ltd. device. Figure 5.2.4 shows the mass spectrometer at the factory being tested 
with its new heated capillary tube. The intention is that this will be the world’s first scan­
ning mass spectrometer capable of imaging at the submicron scale in fully ambient pressure. 
Applications for this equipment range from forensics to biomedicine taking in geology and
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the environment as well as helping to understand the origins and manufacture of art and 
archeological remains.
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APPENDIX A 
Background Information
A .I. Ion Track Formation
When a positively charged ion passes through a medium, orbital electrons in the stopping 
medium are pulled off by an electromagnetic force and these charge separations result in 
strong restoring forces tha t set up oscillations of an electrostatic nature and the electron 
density, velocity, and electric field all oscillate with a plasma frequency, Wp, given as [108]:
47rne^ , 1/2
(A.1.1) Up =
lA'KSome
where e (C) and mg (kg) are the charge and mass of the electron, n  (m'^) is the electron 
number density of the medium. An expression for the radial extent of energy deposition can 
then be given in terms of this plasma oscillation frequency of the stopping medium:
(A .I.2) Tg =  —
(jjp
where /3 =  and Vc is called the physical core, gives the range of fluctuation of electronic 
density or energy for a period of plasma frequency pulse, or is the range of uncertainty in 
energy deposition at the epoch of initial energy deposition and can be derived from the 
uncertainty principle, A tA E  % h. fg or A r is given by A r % such tha t rg varies with 
primary ion velocity [108]. The &rays also cause electronic excitation and ionization along 
the track, mostly outside the rg. The maximum range of the J-rays can be calculated by the 
following relationship:
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Lcm^J
where k = 6  x  10"^^ • cm ?{keV)'°‘, a  = 1.097 for Wmax < 1 keV and a  =  1.677 for 
Wmax > 1 keV. Wmax IS the maximum energy of the ^-rays, which is derived from the 
kinematics consideration for head-on collision between ion and electrons in the medium as
(A.1.4) = -,
[rriian + m e Y
or as Wmax = TnieVionl(1 — 0 '^) with the relativistic correction of mass for fast ions, 
where mg is the electron mass. Since a higher knock-on electron energy yields a smaller 
angle of ejection, Vp (radial) is always smaller than Vmax (forward direction). Vp can be 
calculated considering tha t the velocity and the energy of the 5-rays in a radial direction 
are = Vmax cos 6  and W  % Wmax cos^ 9 and tha t the maximum momentum transferable to 
electrons in a radial direction occurs at the scattering angle of 45^ .^
A.2. Heavy Ion Backscattering Spectrometry (HIBS)
RBS is a non-destructive, versatile, fast tool for the measurement of film thickness and 
composition for depth profiling of elemental abundance [109]. RBS traditionally uses light 
ions, such as protons or alpha-particles, in the MeV energy range. The backscattering cross- 
section is proportional to the square of the atomic number of the analyzing beam and in­
versely proportional to its energy squared. In the past, heavy ion backscattering spectrometry 
(HIBS) has also been introduced as an improved technique for trace element detection. Doyle 
et al. [110] demonstrated an approach tha t uses carbon beams and were able to demonstrate 
hundreds of times greater sensitivity to medium-to-heavy impurities than conventional RBS. 
Another study [111] using ^Li, and ions ranging over the energy range of 3 to 15 MeV 
measured the energy resolution and mass resolution for the ions on a double layered A u/C u
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thin film (50 thick) using a passivated implanted planar Si (PIPS) detector. This study- 
showed tha t for the case of 15 MeV ions when compared to the 3 MeV '^He ion spectrum 
generated of the same sample, the Cu®  ^ and Cu®^  peaks are separated for the heavier ion 
RBS spectrum. HIBS was also performed using 12 MeV ions to examine GaAs (1 0 0) 
and GaAs (1 1 1) layers grown by Molecular Beam Epitaxy on B aF 2 (1 0  0) and BaF2 (1 1 
1) layers, respectively, because HIBS, unlike RBS, was the only available technique able to 
verify the ratio in these samples as well as the two isotopes of Ga [112]. One major drawback 
from using HIBS is in the potential for these heavy ions to damage the surface of the sample 
during analysis.
A.3. X-ray Production Cross-Sections
The EGPSSR model [113, 114, 115, 116] used to describe the ionization of bound atomic 
electrons by ions having energies in the MeV range, is a modified plane-wave Born approxi­
mation (PWBA) and is the result of the early work of Brandt and Lapicki [113, 114]. The 
energy loss correction (E) was applied to take into account the fact tha t the light ion pro­
jectile experiences a loss in kinetic energy during the ionization. The Coulomb correction 
(C) accounts for the hyperbolic trajectory of the projectile due to its Goulombic interaction 
with the target atom ’s nucleus, drawing on the Semi-Glassical Approximation (SCA) for an 
appropriate description. The PSS correction takes into account the need for a proper descrip­
tion of the perturbation of the bound stationary state due to the influence of the projectile, 
and it is expressed as an effective change in the electron binding energy. Finally, the factor 
R corrects for the presence of relativistic effects. The details pertaining to these corrections 
can be found in a review paper by Lapicki [117].
In some of the earliest EGPSSR calculations by Brandt and Lapicki [113, 114] and others, 
non-relativistic hydrogenic wave functions (H) were employed. W ith the interest of improving 
this model, Ghen and Grasemann introduced Dirac-Hartree-Slater (DHS) wave functions 
into the EGPSSR model, and published extensive tables of L  subshell cross-sections [116,
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115]. Recently, even more corrections to the cross-section model have been discussed and 
calculated [118]. The motivation behind these corrections came out of the basic ECPSSR-H 
or ECPSSR-DHS theory’s inability to predict what was being measured experimentally. One 
such correction, the intra-shell correction [119], argues that the perturbation of the atomic 
field can induce the promotion of ion-induced vacancies from one subshell to another prior to 
their decay (either radiative or non-radiative), which essentially says tha t the ionization of 
one subshell is not independent of the ionization of other subshells [117]. Another correction, 
the United Atom correction, accounts for the case where the projectile and target nucleus 
are momentarily united during their interaction resulting in a change in the electron binding 
energies.
A great deal of experimental work has been devoted to testing the predictions of the 
EGPSSR model [120, 121, 117]. Gohen [122], in a 1990 review of the experimental K  and 
L  shell X-ray cross-section data (up to the end of 1988) tha t compared the data to the 
predictions of the EGPSSR theory for ionization by MeV ions, concluded tha t the K, shell 
measured data agrees with theory to within 3-5% for all but the lowest ion energies, and the 
L  shell data are typically within 5-15%.
The EGPSSR theory can be used to predict the ionization cross-sections dg for a given 
shell or subshell (S =  K , L i ,  L 2 ,  L 3 ) .  The X-ray production cross-section dp  for a peak p  is 
related to the ionization cross-section in the following way for K  shell transitions:
(A.3.1) =  ^K(^K
where üjk is the K shell fluorescence yield and is the ratio of the width of the p  transition 
relative to the total K shell width. The natural width, F, of an atomic level is given by the 
sum of the radiative width, Tr , the Auger width, F^, and the Coster-Kronig width, Tc k -
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These components of the level widths can be related to the corresponding transition rates 
for the filling of a hole in tha t level using the following equation [123]:
(A.3.2) Fa; =  hSx
where h is Planck’s constant divided by 27t, Sx is the a:-th transition rate, where a: =  R, A, 
CK.
The x-ray production cross-section for a particular L line is more complicated due to the 
presence of the three L  subshells, and the possible rearrangement of vacancies (described by 
the Coster-Kronig probabilities /ÿ ) and is described by the following equation:
(A.3.3) crfp =  (^Li(/lS +  / 12/ 23) +  crfgAs +
where the peak p  is the product of a vacancy originating in the L i  subshell, fij and u l i  are
the Coster-Kronig and the fluorescence yields, respectively (note: for i= l  then =
/ i 3 =  0, f i 2  = /23 =  1; for i=2 then ctls = /13 =  0, / 2s =  1, and for i=3 all of the ionization
cross-sections are used [122]).
For a very thin, uniform elemental film of mass M(Z), enveloped by a proton beam with 
uniform intensity distribution within its cross-sectional area S at normal angles to the target, 
the yield of characteristic K a  or L a  x-rays due to the passage of Np  protons is [124]:
^^2 4) Y = {Z)( z^{Eo)ijJzbzezNa
where Z  and A z  are the atomic number and atomic mass of the element, crz(Eo) the ionization 
cross-section for proton energy Eo, ctz the K  or L  fluorescence yield, bz the fraction of K  or 
L  x-ray lines tha t appears in the K a  or La  line, ez the absolute detection efficiency and Nav
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Avogadro’s number. Also, for a thin target the experimental production cross-section can be 
determined using the following equation [125]:
(A.3.5) cr^(E) =
 ^ AzSinO
where p is the specimen density, Cz the concentration of the target element, and 9 the angle 
between the incident proton beam and the target surface.
Following the pioneering work of Datz et a i [126], it became a common practice to 
determine the L 2  and L3 subshell ionization cross-sections from the La, L7 , and Z/72,3,6 
line intensities (the next paragraph gives an explanation of this terminology). Many authors 
have published the separate intensities measured from the La, L/3 and L7  x-ray groups 
[120, 121]. Commonly, the x-ray spectrum is fit in these three separate parts and the L i, L 2  
and L3 x-ray intensities are deduced with the final goal of determining the subshell ionization 
cross-sections. This has been shown to be an error-prone process needing special attention; 
in fact, large scatter amounting to more than 25 percent for the L  subshells [127] has been 
observed in the reported experimental data. To derive these ionization cross-sections from 
measured production cross-sections, foreknowledge of a set of fundamental atomic parameters 
is an obvious necessity (see equation A.3.3) and the care taken in deriving these quantities 
has been described in the preceding sections.
The dominant transitions taking place when a vacancy originates in the L \, L 2  and I /3 
subshells following ionization are shown in table 1, where the International Union of Pure 
and Applied Chemistry (lUPAC) notation describing these transitions is given along with 
the corresponding Seigbahn notation. The Seigbahn notation is useful in th a t it allows one 
to quickly ascertain to what spectral complex {La, LP, L7  or other) the peak representing 
the given transition belongs. Figure A.3.1 presents an energy level diagram for the first four 
atomic shells.
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Vacancy lUPAC Seigbahn
Li
L1M2 TA
Z / 1 M 3 %
L1N2 T72
L\N z L l 3
L i 02,3 L 7 4
L 1 L 3 -
-^1-^4,5 -^Ao,9
L h i
L2
L2M1 Lrj
T 2 M 4 Lpi
L2N1 T75
L2N4 L 7 1
L2O1
L2O4
L2P1 -
L3
L3M1 Ll
T 3 M 4 L a 2
L 3 M 5 Lai
L3N1 I/A
L3N4 %
L3N5 L pi5
L 3 O 1 Lp7
^ 3< ^ 4,5 %
L^M 2 Lt
L3M3 Ls
L3P1 -
Table 1. Comparing the Seigbahn notation to the lUPAC notation for the 
most probable X-ray transitions following the ionization of the L subshell. The 
first column indicates where the subshell vacancy originates [128].
By examining the intensity ratios, e.g. a{LP)! g{Lo)  and a{L 'y)fa{La), common experi­
mental issues contributing to uncertainty such as the target thickness, detector efficiency and 
charge measurement should cancel out. As a result, with only the statistical error associated 
with photon collection in the detector and electronic noise being the dominant sources of un­
certainty, one might expect there to be a reduction in the variance of the data  when presented
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F igure  A.3.1. Energy level diagram for the first four shells of the atom with 
some of the allowed transitions indicated for the K  and L series.
as a ratio. Cohen [129] shows four commonly used methods for converting experimentally 
measured X-ray production cross-sections to subshell ionization cross-sections and was able 
to demonstrate how both the selection of peaks Lp  and the selection of databases, i.e w, fij 
and F .
A .4. Heavy Ion Particle Induced Emission (HIXE)
The use of heavy ions (Zi>5) for PIXE analysis offers high sensitivity for elemental 
analysis because the inner shell ionization cross-section is proportional to the square of the 
atomic number of the incident ion for a given primary ion velocity [130]. Early BE A and the
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PWBA models were only moderately successful in the quantitative sense, but did qualitatively 
reproduce observed features of the cross-sections [124], Another useful result of the two 
models is a scaling law tha t gives the cross-section, a, for any projectile with atomic number, 
Zp, and atomic mass, Ap, in terms of tha t for a proton of the same velocity:
(A.4.1) Z),
i.e. the cross-section is simply tha t for a proton of the same energy per nucleon multiplied by 
the square of the projectile atomic number. In practice, the rule breaks down progressively 
for ions heavier than helium, as multiple vacancies are created by direct ionization and by 
projectile pick-up [124]. This scaling law shows that for ions heavier than protons, the 
ionization cross-section should be greater than in the proton case but the problem with 
this is tha t bremsstrahlung background is created by essentially the same ionization process
[131] and the target electrons captured into bound orbitals around the projectile [124], which 
becomes large when Zp and Z  are matched, resulting in very great enhancements of K-shell 
ionization relative to the standard case of proton projectiles. Multiple vacancies give rise to 
intense X-ray satellite structures, so tha t K and L lines as seen by Si(Li) detectors are both 
shifted in energy and broadened, as well as increasing the fluorescence yields. The effect of 
energy straggling is often neglected in proton PIXE analysis due to its low effect. This effect 
may be of importance for heavy ion PIXE [130] because straggling in energy loss, electronic 
and nuclear, increases with the atomic number of the incident ion.
Ecker et al. [82] measured various K-, L- and M-shell X-ray production cross sections for 
heavy ion impact on elements in the range Z2 =  13 to 83. The ion species range from Z% 
=  10 to 36, and the ion energies from 1 to 16 MeV. They measured enhanced cross sections 
when the projectile K- and L- binding energy is similar to the energy of the target K-, L- 
or M-shell. Trace analysis, for example, of Fe in glass with V, Mn, Co, and Ni ions was
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investigated and compared to analysis using PIXE with 3 MeV protons (found to be similar 
to 14 MeV Ni). The signal of the background radiation was found to be four times higher 
with the heavy ion. It was also shown tha t projectile charge states had no influence on the 
production cross section.
Use of heavy ions like ^®Si and still more heavy ions have the following limitation
for FIXE analysis [132]:
(1) the interaction of heavy charged particles tend to destroy the target by sputtering;
(2) the projectile X-rays are also produced, which may interfere/ overlap with target 
X-rays;
(3) molecular orbital (MO) formation for Z{~7a2.
It may be of use in future to explore the benefits of using even heavier ions with higher 
energies to increase MeV-SIMS signal; this, however, may result in a decrease of the heavy 
ion PIXE cross sections, and this may also introduce peak splitting in the heavy ion PIXE, 
as well as other known issues [130].
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